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The objectives of this research were to examine some representative surface
waters in the Yazoo River Basin (YRB) during the growing season for a few selected
herbicides; to compare the type and abundance of pesticides in the atmosphere at a
agricultural and an urban site; to determine the load of nitrogen and phosphorus being
discharged from the YRB to the Mississippi River and ultimately the Gulf of Mexico; to
determine how the adsorptive properties of a common Delta soil differ under no-tillage
(NT) versus conventional tillage (CT) for two commonly used herbicides; and to validate
the Soil and Water Assessment Tool (SWAT) model for herbicide runoff in the YRB.
Herbicides, in low concentrations (generally less than 10 parts per billion) were
frequently detected in 3 streams in the YRB throughout the growing season. Pesticides
were detected in air and rain samples from both urban and agricultural areas. The
concentrations in the agricultural area generally were an order of magnitude higher and
types of pesticides detected were different: more insecticides in the urban area and more

herbicides in the agricultural area. The annual load of nitrogen being contributed to the
Mississippi River from the YRB was less than what might be expected based on
discharge, and the load of phosphorus was slightly higher than what might be expected.
The amount of atrazine and fluometuron adsorbed was similar for a soil under CT and
NT, but much more herbicide was adsorbed by the NT soil. At the scale of the Bogue
Phalia Basin (too large for specific information to be available and too small for
averaging to eliminate the need for site specific data) there are considerable uncertainties
associated with input data and these, together with the simplifying assumptions within the
model, mean that SWAT should not be used to predict the exact date, time, and
concentration of a pesticide in a stream. However, the model does offer the potential to
assess the likelihood of contamination of surface waters by a given compound in a given
situation and as such could provide a useful tool for planning, management and
regulatory purposes.
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CHAPTER I
INTRODUCTION

One of the major contributors to the degradation of the surface waters in the
United States over which there is much concern is agriculture (U.S. Environmental
Protection Agency 2002). However, it is clear that the production of food and fiber must
continue. Additionally, agriculture must remain economically viable for the continued
health and safety of our Nation’s citizens and ultimately the world community at large.
Agricultural chemicals (both fertilizers and pesticides) are widely used in the
United States to improve crop yields, protect crops from pests, and to ensure the comfort
and safety of citizens in and around their home and urban and recreational areas.
Although the use of agricultural chemicals has resulted in increased crop yield and other
benefits, there is concern about the ultimate fate of these chemicals. The potential exists
for small amounts of these chemicals to move off-site and to contaminate the hydrologic
cycle far from their point of application. Agricultural chemicals have the potential to
move offsite into ground water, surface-water, or into the atmosphere. Nitrogen applied
as fertilizers to agricultural fields has been shown to contaminate ground- and surfacewater in the Midwest. Similarly, some heavily used herbicides have contaminated the
source water (both ground and surface water) for drinking water supplies and that some
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of these pesticides (mostly herbicides) have been found in the finished water of drinking
water facilities (Wiles et al. 1994; Coupe and Blomquist 2004).
The Yazoo River Basin in Northwestern Mississippi has about half of its land area
in the Mississippi Alluvial Plain (commonly referred to as the Delta). This portion of the
Mississippi Alluvial Plain is one of the most agriculturally productive areas of the world.
The Delta grows a significant portion of the Nation’s cotton and rice, as well as large
amounts of corn and soybean. The use of agricultural chemicals (especially pesticides) is
as heavy as or heavier than in the Midwest and, coupled with the large rainfall amounts in
the Delta, the long growing season, and the widespread use of crop protection chemicals
throughout the growing season, there is the potential for significant contamination of the
surface waters of the Delta by agricultural chemicals.
The Yazoo River Basin has been implicated as a significant contributor of
nitrogen (Alexander et al. 1997; Turner and Rabalais 2004) and pesticides (Pereira and
Hosteller 1993) to the Mississippi River and ultimately the Gulf of Mexico. In the
nitrogen studies there were no data from the Yazoo River directly, the results were
obtained by subtraction of loads on the Mississippi River above and below the Yazoo
River and the results of pesticide work was from only a handful of samples from the
mouth of the Yazoo River.
The need for data from the Yazoo River Basin is quite clear; however, there have
been few studies on the movement of agricultural chemicals in the surface waters of the
Yazoo River Basin. There have been many small-scale studies, either field or plot size,
that examined the runoff and leaching potential of cotton and rice herbicides, but nothing
on a watershed size scale. This is needed to understand the dynamics of agricultural
2

chemical movement beyond the field size and to understand the contribution of
agricultural chemicals from the Yazoo River to the Mississippi River and ultimately the
Gulf of Mexico.
An alternate route of the movement of pesticides into surface waters other than
through runoff is through the deposition of pesticides from the atmosphere. Pesticides can
be moved into the atmosphere by spray drift, evaporation from the soil surface or by wind
erosion when soil particles with attached pesticides are eroded by the wind. These
pesticides can return to the earth’s surface far from their point of origin through
deposition or precipitation. The primary route of exposure from pesticides to the general
population, unless the drinking water is contaminated by pesticides, is through inhalation
of airborne pesticides. It is not clear whether pesticides used in agricultural areas are
carried to urban areas in amounts that affect the ambient concentration caused by the use
of pesticides in urban areas.
There are many factors that affect the movement of pesticides after application:
type of tillage operations, soil texture, antecedent soil moisture, timing and intensity of
rainfall events, pesticide formulation, just to name a few factors. The use of conservation
tillage has become widespread over the past decades as it has the potential to reduce the
number of passes across the fields by farm equipment and has proven benefits in reducing
soil erosion. Over the long-term conservation tillage may affect soil properties such as
organic matter content and porosity, which in turn may affect how pesticides move offsite. It is important to understand the affects of conservation tillage on the movement of
pesticides.
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Although the collection of data is the optimal method for evaluating the
movement of agricultural chemicals, it is costly and time consuming. Even with small
plot work changing and evaluating all of the possible combinations of pesticides,
application methods, soil types, tillage methods, antecedent soil moisture levels, and
rainfall intensity, the task becomes monumental. Computer simulation offers a quick and
cost effective method for evaluating how the off-site movement of agricultural chemicals
is affected by changes in various parameters affecting the movement of agricultural
chemicals. However, in order for these simulations to be useful, the underlying model
must be physically based and be able to adequately represent water quality for basins that
have no empirical data with which to calibrate.
The objectives of this research were to (1) determine the temporal occurrence of
important herbicides used in the Delta portion of the Yazoo River Basin, (2) investigate
the occurrence of pesticides in the air and rain and compare between an agricultural and
urban site, (3) compute the loads of nitrogen and phosphorus from the Yazoo River and
calculate the contribution of the load of nitrogen and phosphorus to that carried by the
Mississippi River and ultimately discharged into the Gulf of Mexico, (4) relate how the
adsorptive properties of a common Delta soil change under conventional tillage and notillage with two frequently used herbicides, (5) and evaluate how well the SWAT model,
using default database and parameters as much as possible, predicts the movement of
fluometuron, a cotton herbicide, from the Bogue Phalia basin: a sub-basin of the Yazoo
River Basin.
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CHAPTER II
RELATION OF USAGE TO THE OCCURRENCE OF COTTON AND RICE
HERBICIDES IN THREE STREAMS OF THE MISSISSIPPI DELTA

ABSTRACT
Cotton and rice herbicides, particularly cyanazine, fluometuron, and molinate, and
their metabolites occurred frequently in samples from three streams of the Mississippi
Delta during the 1995 growing season. The median total concentration of eight herbicides
and their metabolites throughout most of the growing season (April –September), was 15
μg L-1. The order of occurrence was molinate > fluometuron > cyanazine > metolachlor >
norflurazon > atrazine > prometryn > propanil. The distribution and duration of the total
herbicide concentration found in this study is much different from that found in regional
studies of herbicides in the Midwestern U.S. In the Midwest, the total herbicide
concentration in surface water showed a sharp peak during the spring immediately after a
single application of herbicides to row crops, followed by a gradual decrease. In the
Mississippi Delta, total herbicide concentration in surface water was more sustained, with
multiple peaks due to different application times and postemergence applications to
cotton and rice.
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INTRODUCTION
Contamination of water in the Mid-continent United States from pesticide
application to corn (Zea mays L.) has been a major water-quality issue for the past twenty
years or more. Numerous studies of ground and surface water have been completed by
the U.S. Geological Survey (Goolsby et al. 1993; Pereira and Hosteller 1993; Thurman et
al. 1991), the U.S. Environmental Protection Agency (1992), the U.S. Department of
Agriculture (Leonard 1988), state agencies, and many pesticide manufacturers (Holden et
al. 1992). Perhaps equally important to water quality in the Southeastern United States is
the application of pesticides to cotton (Gossypium hirsutum L.) and rice (Oryza sativa
L.).
Cotton receives as much as 7 kg ha-1 of herbicides and 5 kg ha-1 of insecticides.
Rice may receive as much as 6 kg ha-1 of herbicides but less than 1 kg ha-1 of insecticides
(USDA 1992). These pesticides are necessary from an economic perspective because of
the intense weed and insect pressure in the humid Southeast. Applications of pesticides to
cotton and rice are three to five times greater per hectare than applications of pesticides to
corn and occur more frequently (4.7 annual applications versus 1.2), yet there have been
few regional studies of water quality and pesticide fate in the cotton and rice-producing
areas of the Southeastern United States.
There have been many small-scale studies, either field or plot size, that examined
the runoff and leaching potential of cotton and rice herbicides (Baldwin, et al. 1975;
LaFleur et al. 1973; Nakamura et al, 1983; Reddy et al. 1994; Southwick et al. 1993a;
Southwick et al. 1993b; Wiese et al. 1980). Coupe (1996) conducted a literature search
and review as well as a search of the U.S. Environmental Protection Agency's STORET
7

data base for historic pesticide data collected within the Yazoo River Basin, Mississippi,
and found only a few isolated studies with a small number of samples.
Senseman et al. (1997) sampled lakes and streams eight times during a three-year
period in four counties of eastern Arkansas for 17 current-use pesticides. The most
frequently detected pesticides in this study, in order of occurrence, were metolachlor >
atrazine > norflurazon > cyanazine in 13, 11, 8, and 7% of the samples, respectively.
Pennington (1996) collected samples for cotton pesticides in the Mississippi Delta part of
the Yazoo River Basin in June and September 1994 and July 1995, and in nearly every
sample collected there were detectable concentrations of the cotton pesticides cyanazine,
fluometuron, and norflurazon. Pereira and Hosteller (1993) collected surface-water
samples along the length of the Mississippi River several times during 1991 and 1992.
These data indicated that cotton and rice herbicides only appear in the lower Mississippi
River, downstream from the confluence of the Mississippi and Ohio Rivers, and that
substantial amounts of these herbicides are being discharged to the Gulf of Mexico
(Pereira and Hosteller 1993). The concentrations of these herbicides were highest in the
mouth of the Yazoo River, which drains the Delta of Mississippi.
These few water-quality studies indicate that cotton and rice herbicides may be a
water-quality issue in the Mississippi Delta. Therefore, before a detailed study of the
effect of cotton and rice pesticides on water quality throughout the entire cotton and rice
growing areas of the Southeast was a initiated, a reconnaissance study was conducted
from April through September 1995 on three streams in the Yazoo River Basin in
northwestern Mississippi to determine which compounds and metabolites occur in
surface water.
8

The major herbicides that were examined in this study included the rice herbicides
molinate and propanil and the cotton herbicides cyanazine, fluometuron, metolachlor, and
prometryn. In addition, the herbicide atrazine, which is of major importance in the
Midwest but of limited usage in the Mississippi Delta, was examined. The specific goals
of this report are: (1) to relate the use of cotton and rice herbicides to their occurrence in
surface water of three streams of the Mississippi Delta, (2) to report the occurrence in
surface water of some of the major metabolites of these cotton and rice herbicides, and
(3) to describe how the physical and chemical properties of some cotton and rice
herbicides affects their occurrence in surface water.

Study Area and Sample Collection
Surface-water samples were collected from the Steele Bayou near Rolling Fork,
Deer Creek near Hollandale, and the Big Sunflower River near Anguilla (Figure 2.1). The
drainage areas for these sites are 1,082, 253, and 6,678 km2, respectively. These streams
flow generally north to south and are parallel to each other. The study area is the Yazoo
River Basin (YRB). Mississippi's largest river basin, the YRB consists of approximately
33,700, km2 (Figure 2.1), and is divided almost equally between lowlands and uplands.
The Mississippi Alluvial Plain (referred to as the Mississippi Delta) is an intensive
agricultural area of mostly soybean, cotton, and rice production. Conversely, the uplands
generally consist of forests, pastures, and small farms. The topography of the Mississippi
Delta is characterized by relatively flat, poorly-drained land, with slopes of 5.7 to 7 cm
km-1. The climate is subtropical, with long hot summers and short moderate winters. The
average annual temperature at Greenville, MS is 18 C, with average monthly
9

temperatures ranging from 8 C in January to 33 C in July. Normal annual precipitation is
130 cm, with the most intense rainfall occurring from December to April. Minimal
rainfall occurs in September and October; however, excessive rainfall, producing locally
intense runoff, can occur at any time of the year.
Average velocities in the three streams are quite slow, except at high flow,
because of the relatively flat channel slope. In addition, the analytes of interest were in
the dissolved phase. Therefore, surface-water samples were collected with an open bottle
at the centroid of flow. The samples were filtered onsite using baked glass-fiber filters,
with a nominal pore size of 0.7

m, and a ceramic pump head with Teflon tubing.

Samples were placed in the dark and chilled to 4 C and shipped to the U.S. Geological
Survey laboratory in Lawrence, KS, for analysis. The surface-water samples were
collected weekly to biweekly, beginning April 12, 1995, and ending September 26, 1995.

Experimental Methods

Materials. The C18 cartridges1 contained 360 mg of 40-µm C18-bonded silica.
Phenanthene-d10 was obtained from Ultra Scientific2 and prepared in ethyl acetate.
Terbuthylazine was obtained from Supelco3 and prepared in methanol. Atrazine,
cyanazine, deethylatrazine, deisopropylatrazine, and prometryn were obtained from
Supelco3; fluometuron, metolachlor, molinate, and norflurazon were obtained from
ChemService4; demethylfluometuron (DMFM) and trifluoroylmethylphenylurea
(TFMPU) were obtained from U.S. Department of Agriculture5; demethylnorflurazon
was obtained from Sandoz Agro6; cyanazine-amide was obtained from E.I. DuPont de
10

Nemours & Company7; deisopropylprometryn and trifluorylmethylaniline (TFMA) was
obtained from Ciba-Geigy Corporation8; and 3,4-dichloroaniline (3,4-DCA) was obtained
from Aldrich Chemical Company9.

Extraction Procedure. Solid-phase extraction was automated on a Waters Millilab
workstation1. The C18 Sep-Pak cartridges were conditioned sequentially with 2 mL
methanol, 6 mL ethyl acetate, 2 mL methanol, and 2 mL distilled water. Each 123-mL
water sample was spiked with a surrogate standard, terbuthylazine (1.23 ng µL-1, 100
µL), and pumped through the cartridge at a rate of 20 mL min-1 by the robotic probe.
Analytes were eluted with ethyl acetate and spiked automatically with phenanthene-d10
(0.2 ng µL-1, 500 µL). The extract was evaporated by a TurboVap10 at 45 C under a
nitrogen stream to 100 µL.

GC/MS Analysis. Gas chromatography/mass spectrometry (GC/MS) analysis of the
elutes was done using a Hewlett-Packard Model 5890A GC11 interfaced to a 5970A mass
selective detector (MSD). One microliter of sample was injected automatically.
Separation of the herbicides was accomplished with a fused-silica capillary column of 5%
phenyl methyl silicone (Ultra 2) 11 with a film thickness of 0.33 µm, 12-m X 0.2-mm i.d.
Helium was used as the carrier gas at a flow rate of 1 mL min-1 and a head pressure of 35
kPa. The column temperature was held at 60 C for 1 min, ramped at 6 C min-1 to 200 C,
and then ramped at 30 C min-1 to 250 oC where it was held for 4 min. The samples were
injected in the splitless mode using an autoinjector at an injector temperature of 180 C.

11

The source of the mass spectrometer was held at 280 C. The emission current
was 70 eV. The electron multiplier was set at 400 V above autotune. The filament and
multiplier were not turned on until 4 min into the analysis. An autotune using
perfluorotributylamine was performed daily prior to analyzing samples. The calibration
curve was prepared on the basis of the area ratio of the base peaks relative to the response
of the 188 (amu) ion of phenanthene-d10, the internal standard. Confirmation of the
compounds was based on the presence of the molecular ion and two confirming ions and
a retention-time match within 0.2% relative to phenanthene-d10 and correct area ratios of
the confirming ions.
The detection and quantitation limits were 0.05 µg L-1 for all compounds. All
laboratory blanks were determined to be free of herbicides or metabolites. The variation
of the duplicates was ±5% at one standard deviation. The correlation coefficients of the
standard curves were 0.998 ± 0.002. Any samples greater than 10 µg L-1 were diluted
and re-analyzed.

RESULTS AND DISCUSSION

Usage of Cotton and Rice Herbicides
Figure 2.2 shows the amount of cotton herbicides used by active ingredient and
also by total amount of hectares treated in Mississippi in 1992 (crop area is from 1992,
pesticide use data compiled from 1990-93 (Gianessi and Anderson 1995). The most-used
herbicide by kilograms of active ingredient was monosodium methyl arsenate (MSMA);
it is used on ~70% of the cotton in Mississippi (Gianessi and Anderson 1995).
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Fluometuron was the most extensively used cotton herbicide, with 95% of the cotton crop
being treated. The next eight herbicides in order of active ingredient used in Mississippi
were cyanazine, norflurazon, pendimethalin, trifluralin, diuron, dimethylsodium arsenate
(DMSA), metolachlor, and prometryn (Figure 2.2). These 10 herbicides account for 90%
of all the herbicides that were applied by mass of active ingredient, and also for the
majority of area that was treated (Gianessi and Anderson 1995). In this paper, cyanazine,
fluometuron, metolachlor, norflurazon, and prometryn, and the metabolites of cyanazine,
fluometuron, norflurazon, and prometryn are examined.
Figure 2.3 shows the amount of rice herbicides used in Mississippi in 1992. The
most important rice herbicide in both amount of active ingredient applied and in area
treated was propanil, >220,000 kg of active ingredient used and >90% of the rice crop
treated. Next was molinate, followed by thiobencarb, glyphosate, and pendimethalin,
which make up most of the herbicides applied to rice in Mississippi. The study described
in this paper examines two of the five rice herbicides molinate and propanil, and a
degradation product of propanil.
The information concerning herbicide use in Mississippi was representative for
the study period, but immediately following, in the late 1990’s to present there were
dramatic changes in the herbicide use regime. Some herbicides that were major parts of
the cotton and rice weed control regime are no longer used or no longer available; i.e.
cyanazine, molinate, and norflurazon. Metolachlor was reformulated and that led to a
reduction in its use rate. Other herbicides have become available for weed control in rice
and cotton. But by far the biggest impact has been the introduction of transgenic,
herbicide-resistant crops. The herbicide with the current largest use, more than 4 times
13

the second highest herbicide use, is glyphosate (USDA 2006). During the study period
the top 5 herbicides used on cotton, by active ingredient, were MSMA, fluometuron,
cyanazine, norflurazon, and pendimethalin; in 2005 the top five herbicides used on cotton
were glyphosate, diuron, MSMA, pendimethalin, and 2,4-D.

Occurrence of Cotton Herbicides in Surface Water
Figures 2.4-2.6 shows concentrations through time of selected herbicides in the
Steele Bayou, Deer Creek, and the Big Sunflower River. Three herbicides, cyanazine,
fluometuron, and metolachlor, are representative of the weed control applications to
cotton in the Mississippi Delta. Metolachlor concentrations were highest in early April in
samples from the Steele Bayou and the Big Sunflower River at concentrations as high as
6.2 and 12.8 μg L-1, respectively. This early detection of metolachlor was probably a
result of application to corn, which is also grown in the Mississippi Delta. Metolachlor
concentrations decreased from this initial peak and then increased again in mid-June.
Generally, by the middle of April most of the corn in the Delta has been planted, but the
cotton, rice, and soybean planting has only just begun. The second peak of metolachlor in
mid June results from metolachlor use on cotton and soybeans and is reflective of the
later planting times for these crops. The second peak is of lower concentration and is
probably a result of both smaller application rates of metolachlor to cotton and less
rainfall and runoff that occurred during the early summer of 1995. Metolachlor appeared
later in Deer Creek (during June) without the initial rise attributed to applications of
metolachlor to corn in the other basins.
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Peak fluometuron concentrations of 6-16 μg L-1 occurred in May and June from
water samples collected from the Steele Bayou, Deer Creek, and the Big Sunflower River
(Figures 2.4-2.6). Fluometuron is used primarily as a preemergence herbicide applied at
planting but can also be used as a postemergence herbicide. It is used for weed control in
cotton, and therefore the timing of the pulse of fluometuron in surface water is much
different than metolachlor's, because application times are different for corn and cotton.
The concentrations of fluometuron began increasing about the beginning of May, and
then peaked during the beginning of June. Fluometuron’s concentration remained >2.5 μg
L-1 until early July in samples from all three sampling sites, reflecting the continued use
of fluometuron on cotton as a postemergence herbicide. Fluometuron has a long half-life
of approximately 85 days (Ahrens 1994), and a low sorption coefficient (Koc of 100).
This combination of water solubility, intense use, low sorption coefficient, and half-life
are factors in fluometuron occurring in the surface waters of the Delta in concentrations >
1 μg L-1 for over a month during the growing season.
Cyanazine increased from background levels at the start of the study to >6 μg L-1
in samples from Deer Creek during July (Figure 2.5). The maximum concentrations
occurred during the third week in July. Cyanazine's major use, during the study, was as a
postemergence herbicide on cotton. This is reflected in its occurrence in the three streams
during late July after most of the other herbicides in this study had peaked and the
concentrations were decreasing. Cyanazine is no longer available for use in the United
States.
Figures 2.4-2.6 demonstrate a fundamental difference in how agricultural
chemicals affect water quality in the Mississippi Delta compared to the corn-growing
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areas of the Midwest. In surface water of the Midwest, the maximum concentrations of
agricultural chemicals occur during the "spring flush" period (Thurman et al. 1991). That
is, herbicides are applied to corn and soybeans during planting, which occurs during a
relatively short time period throughout the Midwest. Thus, the occurrence of herbicides
in the surface water of the Midwest follows rainfall after planting (i.e., the spring flush).
In the Mississippi Delta, the long growing season and humid conditions allows farmers
more flexibility in the types of crops planted and a longer planting time as well as
intensifying the weed and insect pressure. Cotton has applications of herbicides well after
planting, as much as 12 weeks, which results in the occurrence of cotton herbicides in
surface water from early April until August as shown in Figures 2.4-2.6.
Figures 2.7-2.9 show the pattern of herbicide and metabolite occurrence in
samples from the Big Sunflower River for fluometuron, norflurazon, cyanazine, and
prometryn. Fluometuron occurred at concentrations of 0.5 to 6.62 μg L-1 during the
growing season. The degradation products contributed little to the total concentration
early in the season but became proportionally greater in July (Figure 2.7). Two of the
three fluometuron metabolites that were determined were demethylated metabolites
DMFM and TFMPU. These metabolites were reported in Mueller and Moorman (1991)
as the major soil metabolites of fluometuron. Of these two metabolites, the first
degradation product, DMFM, was the most common and present in the highest
concentration. TFMPU was not detected in any sample (data not shown). TFMA, the
third metabolite of fluometuron, was detected infrequently and in low concentrations.
Norflurazon and demethylnorflurazon (Figure 2.8) were also detected in samples
from the Big Sunflower River. The highest concentration of norflurazon occurred early in
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the season (April and May) and then decreased later in the season. During this time, the
concentration of the degradation product demethylnorflurazon increased, which indicates
that soil degradation and dissipation of the parent compound occurred. Norflurazon
occurred at lower concentrations than fluometuron because of its less intensive use (half
as much) and possibly shorter half-life [fluometuron has an 85-day half-life and
norflurazon’s half-life is from 45 to 180 days (Ahrens 1994)].
Cyanazine, prometryn and their metabolites were also detected in samples from
the Big Sunflower River (Figure 2.9). Cyanazine amide, a major degradation product of
cyanazine (Meyer 1994), initially occurred at about half the concentration of the parent
compound and increased relative to the parent compound later in the season (August).
Prometryn was not detected above 1.0 μg L-1, and its degradation product,
deisopropylprometryn, was not detected above the reporting level of 0.05 μg L-1. The less
extensive use (five times less than fluometuron) probably was responsible for the low
concentrations in samples from the Big Sunflower River. Samples from the other two
sites, Steele Bayou and Deer Creek, had a similar distribution of prometryn and no
detection of deisopropylprometryn (data not shown).

Occurrence of Rice Herbicides in Surface Water
The highest concentration of molinate, 50 μg L-1, was in a sample from the Big
Sunflower River (Figure 2.6). Concentrations increased rapidly during mid-June to a
peak concentration of 50 μg L-1 during early July. Concentrations decreased to ~1 μg L-1
during late August. The occurrence of molinate in samples from Steele Bayou and Deer
Creek followed the same general pattern but was less (Figures 2.4-2.5); the maximum
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concentrations were 23 and 13.5 μg L-1, respectively. Molinate, with a water solubility of
970 mg L-1 (Ahrens 1994), is applied directly to the rice flood when used as a
postemergence herbicide. This flood can be released to the receiving streams when the
field is flushed or when it is drained before harvest.
The concentration of propanil was generally equal to or less than the reporting
level of the method (0.05 μg L-1) throughout the study (Figure 2.10). A metabolite of
propanil, 3,4-DCA, was detected after the first of May at all sites, with a maximum
concentration of 0.9 μg L-1 in a sample from Deer Creek. Although 3,4-DCA is a
metabolite of propanil (Deuel et al. 1977), it is possible that other pesticides may
metabolize to 3,4-DCA. However, given the large amount of propanil used in the
Mississippi Delta compared to other herbicides that may degrade to 3,4-DCA such as
diuron, it is assumed that the majority of the 3,4-DCA observed came from propanil.
Molinate is detected much more often than propanil and in much higher concentrations,
yet there is twice as much propanil used as molinate (Figure 2.2). This is probably a
result of propanil’s half-life of 1 day (molinate’s is ~21days) and the application of
molinate directly into the rice flood.

Occurrence of Total Herbicides and Selected Metabolites in Surface Water
Total herbicide concentrations (parent compounds plus degradation products)
ranged from 2.5 to >25 μg L-1 in April and May (Figures 2.4-2.6). The concentrations in
April were due to the use of corn herbicides, primarily atrazine and metolachlor. From
late May through late July, total concentrations peaked at 27 to 60 μg L-1. The
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combination of cotton and rice herbicides was responsible for these totals, with major
contributions from molinate (rice), fluometuron (cotton), metolachlor (cotton), cyanazine
(cotton), and norflurazon (cotton). Quantified metabolites made up ~10-20% of the total
concentration and maintained a steady relation to the total herbicide concentration
throughout the study. Later in the growing season (late August or early September),
concentrations of total herbicides decreased to <5 μg L-1. The total herbicide
concentration was >=1.5 μg L-1 at the end of the study at all three sampling sites. The
total herbicide concentrations dissipated in a similar pattern in each of the three streams.
The total herbicide concentration in three streams in the Mississippi Delta was of
the same order of magnitude as found in Midwest streams following application.
However, there was a larger variety of herbicides in Delta steams, and the concentrations
were more sustained with multiple peaks due to different application times and
postemergence applications to cotton and rise. For instance, atrazine and metolachlor,
two herbicides used preemergence on corn in the Delta, had their maximum
concentrations in April versus May to June in the Corn Belt. In contrast fluometuron, a
preemergence herbicide used on cotton, has peak concentrations at the end of May and
early June, but the concentrations dissipated slowly, due to fluometuron’s use as a
postemergence herbicide. Molinate, a postemergence herbicide used on rice, had peak
concentrations around the middle to the end of June, and cyanazine, used as a
postemergence herbicide on cotton, had its peak concentrations in July.
The question arises as to the significance of this work, based on changes in
herbicides used since the data-collection portion of this study. There are several aspects
to answer this question in the affirmative. First, what separates one herbicide from
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another is their chemical and physical properties, and these properties are similar across
classes of compounds; offsite losses of herbicides are directly related to these properties
(Gilliom et al. 2006). Therefore, regardless of which herbicide is being used, its offsite
movement should be related to its chemical and physical properties and an understanding
of how one herbicide moves off site should help in understanding how a similar herbicide
would move offsite. Second, although the ecological significance of these herbicides in
the environment is probably low, it is well that we are reminded that as humans, our
activities can have a measurable affect on the environment—even far from the site of
origin.
In studies such as these, where the detection limits (here 0.05 μg L-1) are well
below any acute toxicological level and there is no known ecological effect of
concentrations at this level, the question arises - what is the point in reporting these
detections, and if so what is the appropriate interpretation of them? For example, Larson
et al. (1997) described two large scale studies examining the occurrence of the herbicide
2,4-D in surface water. Hundreds of samples were collected in both studies at many of
the same sites. The major difference was the detection level: 0.02 μg L-1 in the first study
and 0.5 μg L-1 in the second. This led to17% of the samples in the first study having
detectable levels of 2,4-D and to the conclusion that there was widespread low-level
contamination of the surface waters with 2,4-D. The percent detection of 2,4-D in the
second study was 0.2%, leading to the conclusion that 2,4-D was only present in a few
samples at a few sites. Obviously, the conclusions from both studies were correct within
the limits of their data, although the results were quite different. Scientists must have data
beyond levels of biological significance in order to test theories, hypotheses, and for the
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general prediction of the results of human interaction with the landscape. But, care must
be used in how these data are presented and interpreted. Misinterpretation or overinterpretation can lead to over-reaction by the general public, and ultimately the loss of
useful tools for the production of food and fiber.
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Figure 2.1. Location of data-collection sites in the Yazoo River Basin, Mississippi.
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Figure 2.2. Herbicides applied to Mississippi cotton in order of total amount applied and
percentage of crop treated [crop area is from 1992, pesticide use data
compiled from 1990-93 (Gianessi and Anderson 1995)].
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Figure 2.3. Herbicides applied to Mississippi rice in order of total amount applied and
percentage of crop treated [crop area is from 1992, pesticide use data
compiled from 1990-93 (Gianessi and Anderson 1995)].
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Figure 2.4. Total concentrations of herbicides and selected metabolites in the Steele Bayou, 1995.
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Figure 2.5. Total concentrations of herbicides and selected metabolites in Deer Creek, 1995.
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Figure 2.6. Total concentrations of herbicides and selected metabolites in the Big Sunflower River, 1995.
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Figure 2.7. Concentrations of fluometuron, demthylfluometruon, and tri-fluoryl methyl anline in the Big Sunflower
River, 1995.
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Figure 2.8. Concentrations of norflurazon, demthylnorflurazon, in the Big Sunflower River, 1995.
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Figure 2.9. Concentrations of cyanazine, cyanazine amide, prometryn, and deisopropylprometryn, in the Big Sunflower
River, 1995.
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CHAPTER III
OCCURRENCE OF PESTICIDES IN RAIN AND AIR IN URBAN AND
AGRICULTURAL AREAS OF MISSISSIPPI

ABSTRACT
In April through September 1995, the occurrence and temporal distribution of 49
pesticides and pesticide metabolites in air and rain samples from an urban and an
agricultural sampling site in Mississippi were measured. Concurrent high-volume air and
wet-only deposition samples were collected weekly. The air samplers consisted of a
glass-fiber filter to collect particles, and tandem polyurethane foam plugs to collect gasphase pesticides. Every rain and air sample collected from the urban and agricultural sites
had detectable levels of multiple pesticides. The magnitude of the total concentration was
5 to 10 times higher at the agricultural site compared to the urban site. The pesticide with
the highest concentration in rain at both sites was methyl parathion. The pesticide with
the highest concentration in the air samples from the agricultural site was also methyl
parathion, but from the urban site the highest concentration was diazinon followed
closely by chlorpyrifos. More than two decades since DDT was banned from use in the
United States, a metabolite of p,p’-DDT, p,p’- DDE, was detected in every sample from
the agricultural site and in more than half of the air samples from the urban site.
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INTRODUCTION
Pesticides are widely used in the United States to protect crops from pests, to
reduce crop yield loss, and to increase the comfort and safety of citizens. Although the
use of pesticides has improved farm productivity and profitability, and protected humans
from disease vectors, there are concerns about the presence of pesticides in the
environment. Pesticides have the potential to contaminate the hydrologic cycle when they
move from their point of application. One potential path for off-site movement is through
the atmosphere. Small amounts of pesticides can be transported long distances through
the atmosphere and deposited into aquatic and terrestrial ecosystems far from their point
of use (Majewski and Capel 1995). Atmospheric transport can occur in the gas phase
through volatilization, in the particulate phase when attached to dust particles, or a
combination of both, depending on the pesticide’s physical and chemical properties.
After introduction into the atmosphere, pesticides can be degraded, transported, and
redeposited. Deposition can be either wet, such as with rain or snow, or dry, such as
gaseous sorption and particle fallout.
There have been several studies that have examined the movement of pesticides in
the atmosphere, and an excellent review of many of the major studies is in Majewski and
Capel (1995). In Mississippi, there have been a limited number of studies on the transport
of pesticides in the atmosphere. Many of these studies have dealt with the volatilization
of pesticides after application (Hollingsworth 1980; Willis et al. 1980; Harper et al. 1983;
and Willis et al. 1983). Hollingsworth (1980) examined volatilization of trifluralin after
incorporation; the other studies examined toxaphene and DDT. Arthur et al. (1976)
collected weekly air samples and analyzed them for a suite of pesticides, most of which
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have since had their use discontinued in the United States. There have been a few
national studies that have included agricultural and urban sites in Mississippi (Tabor
1965; Stanley et al. 1971; and Kutz et al. 1976), but these studies focused on pesticides
that were in use at the time, most of which are no longer used in the United States.
In June 1994, Majewski et al. (1998) collected air samples during a cruise up the
Mississippi River from New Orleans, Louisiana to St. Paul, Minnesota. Their results
indicated that the occurrence and atmospheric concentration of the observed pesticides
were most closely related to their use within 40 km of the river. Additionally, some
heavily-used pesticides in urban areas such as chlorpyrifos, diazinon, and malathion had
their highest concentration near urban areas. In recent years there have been no other
studies on pesticides in the atmosphere in Mississippi. The purpose of this research is to
determine the concentrations of current-use pesticides in the air and rain from an urban
and agricultural site, and to compare and contrast the differences between the two sites.

MATERIALS AND METHODS

Sampling Sites
The urban sampling site is located in Hinds County, Mississippi, in a residential
neighborhood of the south Jackson, metropolitan area (Figure 3.1). The site was chosen
to represent urban air and is several km from the nearest agricultural field.
The agricultural sampling site is in the center of a catfish pond complex near the
town of Rolling Fork in Sharkey County, Mississippi (Figure 3.1). This area is in the
Mississippi River Alluvial Plain, which is one of the most intensively farmed regions in
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the United States. The major crops were soybean [Glycine max (L.) Merr.], cotton
(Gossypium hirsutum L.), corn ( Zea mays L.), and rice ( Oryza sativa L.). The site
location was selected to minimize the influence of direct application of pesticides to
nearby fields. The nearest agricultural field was approximately one km from the site.

Sampling Procedures
Weekly samples of wet-only deposition were collected by using a modified
precipitation collector1. This collector is equipped with a moisture sensor that triggers the
lid of the collection bucket to open when rain begins and to close when the rain ends. The
collector was modified by installing a Teflon-coated funnel in the collection bucket and
attaching a Teflon tube from the funnel through the bottom of the bucket into the top of a
small refrigerator and into a glass bottle. The inside of the refrigerator was maintained at
4 C.
Rain samples were scheduled to be collected weekly, if there had been enough
precipitation. Samples were transported to the office, and a 1-L aliquot was withdrawn
and passed through a C-18 solid phase extraction cartridge for isolation of the compounds
of interest. The cartridge was then sent to the National Water Quality Laboratory
(NWQL) in Arvada, Colo. Samples were eluted from the cartridges with solvent and
analyzed for 47 pesticides and pesticide degradates by gas/chromatography
mass/spectrometry (GC/MS) using selected ion monitoring (Zaugg et al. 1995).
The last rain sample from the urban site was collected during the week of August
15 to August 22 and the last rain sample for the agricultural site was collected the week
of August 29 through September 5. During the week of April 19 to April 26, more than
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20 cm of rain fell at both sites. The sample bottles were designed to hold about 13 cm of
rain. At the agricultural site, the sample bottle was replaced on April 22; however, the
urban site was inaccessible (the gate to the area was locked), and the sample bottled
overflowed. In all, there was sufficient rainfall for 16 weekly samples from the urban site
and 15 weekly samples and one midweekly sample from the agricultural site out of a
possible 24 weekly samples.
The air sampling train consisted of a baked glass-fiber filter (GFF), 21.6 cm by
27.9 cm, to collect particles, and tandem polyurethane foam (PUF) plugs, 8.9 cm
diameter by 7.6 cm, to collect gas-phase pesticides. The air was pulled through the GFF
and then through the PUFs at about 1 m3 min-1 using a high volume sampler2. The PUFs
were mounted in tandem and analyzed separately to estimate the efficiency of the two
PUFs for the collection of gas-phase pesticides. If a pesticide was detected on the first
PUF and not on the second, it was assumed that the gas-phase pesticide was completely
collected by the first PUF. If, however, there was an equal or larger amount of the
pesticide on the second PUF as on the first, then it was assumed that extraction of the
pesticide by the PUFs was not complete and the concentrations derived from the PUFs
must be considered a minimum. Diazinon, molinate, and trifluralin had concentrations on
the second PUF equal to or more than those on the first PUF. These concentrations are
considered minimums; the actual concentrations were higher. As a quality assurance
measure the collection efficiencies were evaluated from a spiked sample and were
reported in Majewski et al. (1998). The collection efficiencies for most compounds were
excellent except for those noted in Table 3.1.
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At the beginning of the study (April 12, 1995) the air sampler was programmed to
sample air continuously for 4 h during the day; later (May 5, 1995), this was changed to 5
min out of every hour to better represent average air concentrations. The GFF and the
PUFs were replaced after 7 days. The GFFs were analyzed separately to provide an
estimate of the phase distribution of the pesticides. The last air samples at both sites were
collected for the week of September 12 through 19. At the agricultural site, equipment
failures prevented the collection of samples for the weeks of July 5 through 12, July 25
through August 1, and August 1 through 8.
The GFFs and PUFs were sent on ice to the NWQL where they were analyzed by
a method based in part on the method used for the rain samples to facilitate data
interpretation (Foreman et al. 2000; Majewski et al. 2000).

Quality Assurance
One rain field equipment blank (FEB) was collected at the Rolling Fork site in
May 1995. Following routine field cleaning of the rain sampler, pesticide-free blank
water was passed through the rain-collection equipment and then processed through the
SPE. Only propanil and metolachlor were detected in this FEB, at a concentration below
the method reporting level.
All rain samples were fortified before isolation on the SPE with surrogate
compounds terbuthylazine, diazinon-d10, and alpha-HCH-d6 to monitor sample-handling
from this step through GC/MS analysis. Median recoveries for each surrogate were 122,
121, and 101%, respectively. The minimum recovery was 75% for alpha-HCH-d6 and the
maximum was 200% for diazionon-d10.
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Storage losses of pesticides in collected rain were assessed using spiked
rainwater. Spiked rainwater was held for five days at room temperature and no apparent
losses were observed for most pesticides, since beginning and end recoveries were in the
range of expected recoveries for the analytical method (Zaugg et al. 1995). Compounds
showing the greatest losses (20-45%) on storage were benfluralin, ethalfuralin, trifluralin,
butylate, diazinon, and terbufos. Less loss would be expected under the refrigerated
storage conditions used for field rain samples. Goolsby et al. (1997) observed no
appreciable loss of selected triazine and chloroacetanilide herbicides in spiked rainwater
stored in plastic rain sampling buckets under ambient temperature field conditions.
Pesticide collection efficiencies for the PUF plugs were evaluated using the
collection experiment described in Majewski et al. (1998) and Foreman et al. (2000).
Collection efficiencies for most compounds at the 850-m3 air volumes typical for this
study were excellent, except for those compounds noted in Table 3.1. Five PUF
laboratory blanks were processed during the study, and only one compound (CEAT) was
detected in one sample. Four air FEB samples were collected throughout the study. Each
consisted of two PUFs and one GFF briefly placed in the sampler and then removed.
Substantial amounts of some pesticides were found (0.03-153 ng). However, when
adjusted for typical sample volumes, the maximum concentrations of any compound
detected in these blanks was 0.18 ng m-3 (tebuthiuron). Mean laboratory spike recoveries
ranged from 37 ± 28% for tebuthiuron to 140 ± 56% for carbaryl, with an overall mean
recovery of 92 ± 20% for all compounds (Foreman, et al. 2000). Estimates of method
reporting levels were provided by Majewski et al. (1998), and ranged from approximately
0.006 ng m-3 for atrazine to 0.1 ng m-3 for prometon at an 850-m3 air volume. Estimated
41

concentrations below the reporting levels were used if all GS/MS-SIM qualifying
information were obtained (Zaugg et al., 1995).

RESULTS
The pesticides for which the rain and air samples were analyzed are listed in
Table 3.1. The agricultural pesticide-use rankings for Mississippi are also listed along
with possible urban use. Descriptive statistics for occurrence and concentrations of
several of the frequently detected pesticides are listed in Table 3.2.

Pesticides in Rain
Twenty-five of 47 measured pesticides were detected at least once in rain samples
from the urban site (Table 3.1). Methyl parathion was measured in the highest
concentration. Methyl parathion is an insecticide that is used very heavily on row crops in
Mississippi, but it is not registered for use in urban areas. Five pesticides (4 insecticides
and 1 herbicide) were measured in more than 50% of the rain samples from the urban
site: carbaryl, chlorpyrifos, diazinon, methyl parathion, and atrazine. No pesticide
concentration exceeded 0.5 µg L-1.
Twenty-six of 47 measured pesticides were detected at least once in rain from the
agricultural site (Table 3.1). The pesticide measured in the highest concentration was
methyl parathion. Eight pesticides (1 insecticide and 7 herbicides) were detected in more
than 50% of the rain samples from the agricultural site: methyl parathion, atrazine,
cyanazine, metolachlor, molinate, pendimethalin, propanil, and trifluralin. There were
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three pesticides measured at concentrations higher that 0.5 µg L-1; they were atrazine
(0.83 µg L-1), methyl parathion (8.6 and 22.9 µg L-1), and propanil (1.8 µg L-1).

Pesticides in Air
Twenty-one of 47 measured pesticides were detected in air (GFF and PUFs) from
the urban site (Table 3.1). The most frequently detected pesticide was chlorpyrifos,
followed by trifluralin and diazinon. Four pesticides (3 insecticides and 1 herbicide) were
detected in more than 50% of the samples: chlorpyrifos, diazinon, cis-permethrin, and
trifluralin. Methyl parathion was measured in 11 of the 24 samples.
Twenty-seven of 47 pesticides were detected in air from the agricultural site
(Table 3.1). The most frequently detected pesticides were trifluralin and p,p’-DDE, a
metabolite of DDT; they were detected in every sample. Four other pesticides were also
detected in more than 50% of the air samples: atrazine, methyl parathion, molinate, and
propanil.

DISCUSSION
Previous studies of pesticides in the atmosphere have indicated that the highest
concentrations typically are seasonal and correspond to local use, usually originating
within tens of km of the collection point, and that there is a component related to longrange transport, usually only identifiable before or after use and planting season. Because
sampling occurred during the growing season, the concentrations reported here are
probably related to local use. This would indicate that a component of the pesticides in
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the air at the urban site would be from agriculture, as there is intensive agriculture within
a 100-km radius of Jackson, Mississippi.
Pesticide use for agricultural purposes is well documented; however, urban
pesticide use, which includes consumer applications in and around the home and
professional application in industrial settings, golf courses, parks, cemeteries, roadways,
and railroads, is not well documented. Therefore, comparisons of the occurrence of
pesticides in the atmosphere as the occurrence relates to local use, while practical for the
agricultural sites, is more difficult for an urban setting. The number, type, and magnitude
of pesticides detected in the air and rain was quite different between the urban and
agricultural sites. The concentrations of pesticides in rain and air typically are higher at
the agricultural site than at the urban site, and the types of pesticides detected reflect their
local use, although in the case of the urban site there were some agricultural pesticides
detected. In urban rain and air, the insecticides carbaryl, chlorpyrifos, and diazinon were
detected more frequently than at the agricultural sites. These insecticides are used heavily
in the South for fire ant and termite control; their use in agricultural settings is limited.
[Note: Although chlorpyrifos is used heavily in agricultural settings in other States, its
use in Mississippi has been limited since 1993 because of concerns about residues
detected in farm-raised catfish (R. McCarty, Bur. of Plant Industry, written commn.,
1997).]

Pesticides in Rain
The total pesticide concentrations in rain for samples collected at the urban and
agricultural site are shown in Figures 3.2 and 3.3. The stacked bars show concentrations
44

in µg L-1 for atrazine, carbaryl, methyl parathion, propanil, and the aggregate of all other
pesticides detected. The total pesticide concentrations were 5 to 10 times higher at the
agricultural site (Table 3.3), reflecting the heavy use of agricultural chemicals on local
crops. The pesticides making up a large proportion of the total concentrations in rain at
the urban site were atrazine, carbaryl, methyl parathion, and propanil. Because methyl
parathion and propanil do not have any legal urban uses, it is assumed that these
pesticides were transported from agricultural areas. Methyl parathion and propanil,
respectively, are the first and sixth heaviest used pesticides in Mississippi. Atrazine,
methyl parathion, and propanil, with some metolachlor and molinate, dominate the total
pesticide concentrations in rain at the agricultural site. In two rain samples (weeks
beginning June 27 and August 1), the concentrations of methyl parathion, 22.9 and 8.6 µg
L-1, were very high compared to the concentrations of other pesticides in rain. The
highest concentrations of methyl parathion in air, 55.6 and 62.5 ng m-3, occurred during
the weeks of August 8 and August 15, respectively, corresponding to weeks with little or
no rain. The week of the highest concentration in rain (June 27, 22.9 µg L-1), the
concentration in the air sample was 10.8 ng m-3. The data in Table 3.2 indicate that
methyl parathion is present in rain and air. Methyl parathion must be easily scavenged
from the air by raindrops but will persist in the atmosphere without rain, and therefore is
available to be transported from the point of application. This is consistent with the
presence of methyl parathion at the urban site.
In a paired study that looked at the differences in triazine concentrations (atrazine,
cyanazine, simazine, terbutylazine) between a rural site and an urban site, Chevreuil
(1996) noted that there was no difference in diversity and abundances of these herbicides
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in bulk deposition (rain and particulate phases) between the two sites. This was attributed
to the fact that the urban site, located in Paris, France, is relatively small and surrounded
by an area of intense agriculture. The concentrations in the French study were similar to
those found at the urban and rural sites in Mississippi. From Figures 3.2 and 3.3 and
Table 3.2, it appears that there is a difference in concentrations of atrazine and cyanazine
between the urban and agricultural site, although there are too few data above the
reporting level to determine if this is a statistically significant difference. However, when
examining the total pesticide concentrations in rain, it is clear that there is a difference
between the urban and agricultural sites. Nations and Hallberg (1992) noted a difference
in pesticide concentrations between an urban and a rural site in Iowa. The herbicides
were detected as frequently at both sites, but the rural site had higher concentrations than
the urban site. The urban site had most of the insecticide detections (fonofos, malathion,
and methyl parathion); this was related to urban lawn and garden use. The concentrations
of the corn and soybean herbicides in the Iowa study were higher than those measured at
the agricultural site in Mississippi.
Nations and Hallberg (1992) and Chevreuil (1996) noted an annual cycle for the
triazines; a rapid rise of the concentrations corresponding with spring planting and a
decrease to a minimum by the end of summer. Although a similar cycle was noted in this
study in Mississippi for the triazine herbicides, the total concentration of pesticides does
not appear to follow this cycle as closely. There are multiple pesticide concentration
peaks corresponding to varying planting dates for different crops, followed by postemergence applications and applications of insecticides for pest control.
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Pesticides in Air
The pesticide concentrations in air at the urban and agricultural sites are shown in
Figures 3.4 and 3.5. The stacked bars show air concentrations in ng m-3 for carbaryl,
chlorpyrifos, diazinon, methyl parathion, pendimethalin, trifluralin, and other (again, the
aggregate of other pesticides detected). The other category for the air samples at the
agricultural sites collected during the weeks of May 3, May 10, and May 16 was
dominated by thiobencarb and propanil. Total pesticide concentrations in air (GFF and
PUFs combined) were higher at the agricultural site, and the makeup of the total
concentrations was different. Total pesticide concentration in air at the urban site was
dominated by chlorpyrifos and diazinon, with smaller amounts of carbaryl, methyl
parathion, and trifluralin. At the agricultural site, the total pesticide concentration in air
was dominated by a number of different pesticides at different times. At the start of the
study in April, the herbicides pendimethalin and trifluralin made up the majority of the
total concentrations. At the beginning of May, the two major pesticides were the rice
herbicides propanil and thiobencarb. Towards the end of the study, the insecticide methyl
parathion was the dominant pesticide. The occurrence of these pesticides in the air was
related to local application times on cotton and rice.
In two studies conducted in the late 1960s and early 1970s, air was sampled for
methyl parathion near Stoneville, Mississippi, about 70 km north of Rolling Fork. Stanley
et al. (1971) collected 24-h samples during 1967 and 1968. Most of the samples were
collected during July through October, the high use period for methyl parathion. The
concentrations of methyl parathion in air for the months of August and September ranged
from 20.6 to 71.0 ng m-3. The results for this study compare well with Stanley’s data
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collected nearly three decades ago. Arthur et al. (1976) presented average monthly
concentrations of methyl parathion for 1972 to 1974. The average monthly concentrations
of methyl parathion for August of 1972 to 1974 were 217, 129, and 341, ng m-3 for the
three years, respectively. The concentrations of methyl parathion in air from Arthur’s
study are higher than those presented in this study. The authors for Arthur’s study noted
some anomalous results in that the concentrations of methyl parathion in air in 1973 were
much higher than in 1972 overall, although there had been a 38% reduction in its use
from 1972 to 1973.
Stanley et al. (1971) detected p,p’-DDE in concentrations ranging from 2.6 to 7.1
ng m-3 during April through September 1967. The range of p,p’-DDE concentrations at
the agricultural site in this study was from 0.13 - 1.1 ng m-3, lower than Stanley’s, but
still significant considering that DDT was banned in the United States in 1972. These
results indicate that a persistent p,p’-DDT degradation product was still measurable in the
air more than two decades after DDT use was banned in the United States.

Factors Affecting the Occurrence of Pesticides in Rain
There are numerous mechanisms that can deliver organic compounds to the
atmosphere, such as volatilization, wind erosion of soil particles to which pesticides are
attached, and direct spraying of the compound to the atmosphere during pesticide
application. Once in the atmosphere, a compound will distribute among the aqueous,
gaseous, and particulate phases based on the physical and chemical properties of the
compound, including water solubility and vapor pressure, and on the conditions of the
atmosphere such as temperature, moisture content, and the type and concentration of
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particulate matter. The phase distribution of the compound strongly affects the behavior,
transport, and ultimate fate of the compound in the atmosphere. The water solubility,
vapor pressure, and Henry’s law constant for selected compounds that were frequently
detected at either site are listed in Table 3.3.
Chlorpyrifos, p,p’-DDE, diazinon, methyl parathion, molinate, and trifluralin
were detected largely or exclusively on the PUF and rarely on the GFF, and thus were
primarily in the gaseous phase in air. Wet deposition of these pesticides should be
dominated by gas scavenging and related to the Henry’s law constant for the pesticide. Of
these pesticides, chlorpyrifos, p,p’-DDE, and trifluralin have relatively low water
solubilities and higher Henry’s constants. Consequently, less (gaseous) pesticide mass
should be scavenged, resulting in less frequent detections in rain relative to other
pesticides having comparable air concentrations and detection levels in rain, but lower
Henry’s constants. This appears to be the case for p,p’-DDE. However, the frequency of
detection in rain for chlorpyrifos at both the urban and agricultural sites and for trifluralin
at the agricultural site, compared with the frequency of detection in air, was not different
from the frequency of detection in air and rain of diazinon, molinate (agricultural site
only), and methyl parathion, pesticides with lower Henry’s constants and higher water
solubilities.
Reduced air concentrations are partly caused by dilution effects as air is
transported away from pesticide application sites. Furthermore, pesticides such as
trifluralin and molinate are susceptible to photochemical degradation reactions (Grover
1991), the rates for which can be stimulated by increased concentrations of oxidants, such
as ozone, that typically are present in higher concentrations in urban versus rural
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atmospheres (Finlayson-Pitts and Pitts 1986). Trifluralin and molinate concentrations in
air at the urban site were approximately one order of magnitude lower than at the
agricultural site. These lower concentrations in air resulted in reduced frequencies of
detectable rain concentrations relative to the agricultural site.
Atrazine and propanil were detected in substantial concentrations in both the
gaseous and particulate phases in air at the agricultural site. These pesticides have
relatively high water solubilities and low Henry’s constants. Therefore, scavenging of
these pesticides by rain from both sources is important. Detection of these pesticides in
rain was more frequent than in air at both sites.
Every rain and air sample collected from an urban and an agricultural site in
Mississippi during April-September 1995 had detectable levels of multiple pesticides.
The magnitude of the total concentration was 5 to 10 times higher at the agricultural site
than the urban site. The pesticide with the highest concentrations in rain at both sites was
methyl parathion. Methyl parathion was also the pesticide in the highest concentration in
air from the agricultural site, but at the urban site the pesticide in the highest
concentration in air was diazinon followed closely by chlorpyrifos. More than two
decades since DDT was banned in the United States a metabolite of p,p’-DDT, p,p’DDE, occurred in all of the air samples from the agricultural site. The occurrence of
pesticides in rain and air at the agricultural site was related to the timing of application
and local use. The occurrence of pesticides in urban rain and air for which there are no
legal uses in an urban area was related to transport through the atmosphere from areas of
heavy agricultural use.
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This study demonstrates the wide spread presence in the atmosphere of pesticides
from agricultural use throughout at least the growing season, and that the occurrence of
these pesticides is not limited to local application areas but can be transported at least
tens of km from the site of application. This is demonstrated by the presence of some
strictly agriculture chemicals in urban air. Additionally, urban use of pesticides results in
the occurrence of these pesticide in the local atmosphere.
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Table 3.1. Pesticide detections in rain and air from agricultural and urban sites in
Mississippi, April through September 1995a.
Pesticide

Urban
detections
_________________
Rain

Acetochlor (h)
Alachlor (h)
alpha-HCH (i)
Atrazine (h)
Benfluralin (h)
Butylate (h)
Carbaryl (i)
Carbofuran (i)
Chlorpyrifos (i)
CIAT (m)
Cyanazine (h)
DCPA (h)
p, p’- DDE (m)
Diazinon (i)
Dieldrin (i)
2,6-Diethylaniline
(m)
Dimethoate (i)
CEAT (m)
Disulfoton (i)
EPTC (h)
Ethalfluralin (h)
Ethoprop (i)
Fonofos (i)
Lindane (i)
Linuron (h)

d

Air
e

X
X
X
X
ND
ND
X
X
X
X
X
X
ND
X
d
X
ND

ND
ND

g

ND
e
X
h
ND
h
ND
h
ND
ND
ND
d
X
ND

NA
g
NA
ND
ND
ND
ND
ND
ND
ND

e

X
X
X
ND
X
ND
X
X
X
d
X
X
X
d
X
ND
e

Agricultural
detections
_________________

Rankings of
agricultural use
b
in Mississippi

Urban
use
c
(1990)

NR

Rain
ND
X
ND
X
ND
ND
X
X
X
X
X
X
ND
X
X
ND

Air
ND
ND
X
X
ND
d
X
d
X
d
X
X
X
X
X
X
X
X
X

20
NA
18
NR
75
37
38
30
NA
9
94
NA
92
dc
NA

NR
NR
NR
yes
NR
NR
yes
NR
yes
NA
NR
yes
NA
yes
dc
NA

NA
NA
ND

ND
X
ND
X
ND
X
ND
X
ND

56
NA
34
65
49
96
NR
102
44

yes
NA
yes
yes
NR
NR
NR
NR
NR

d

X
ND
d

X
ND
ND
d

X
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f

Table 3.1. (Continued)
Pesticide

Malathion (i)
Methyl Azinphos (i)
Methyl Parathion (i)
Metolachlor (h)
Metribuzin (h)
Molinate (h)
Napropamide (h)
Parathion (i)
Pebulate (h)
Pendimethalin (h)
cis-Permethrin (i)
Phorate (i)
Prometon (h)
Pronamide (h)
Propachlor (h)
Propanil (h)
Propargite I & II (i)
Simazine (h)
Tebuthiuron (h)
Terbacil (h)
Terbufos (i)
Thiobencarb (h)
Triallate (h)
Trifluralin (h)

Urban
Detections
_________________
Rain
Air
h
X
X
e
X
ND
X
X
h
X
X
ND
ND
d
X
X
ND
ND
ND
ND
d

X
d
X
d
X
ND
X
ND
ND
X
ND
d

X
ND
ND
ND
X
ND
X

h

ND
ND
X
ND
i
NA
ND
ND
X
h
ND
X
i

NA
h
ND
ND
ND
e
ND
X

Agricultural
detections
_________________
Rain
Air
X
X
X
X
X
X
X
X
ND
X
X
X
ND
ND
d
ND
X
ND
ND
X
X
ND
ND
ND
ND
X
NA
ND
ND
ND
ND
X
X
ND
ND
X
ND
ND
NA
d
ND
X
ND
ND
X
X
ND
ND
X
X

a

Rankings of
agricultural
use in
b
Mississippi

Urban use
c
(1990)

21
47
1
12
27
23
101
NR
NR
13
77
62
NR
NR
NR
6
NR
87
NR
NR
54
31
NR
3

yes
yes
NR
NR
NR
NR
NR
NR
NR
yes
yes
NR
yes
NR
NR
NR
NR
yes
NR
NR
NR
NR
NR
yes

Abbreviations: h, herbicide; X, detected; ND, not detected; m, metabolite; NR, not reported; i,
insecticide; NA, not applicable; dc, discontinued; unk, unknown; CIAT,
chloroisopropylaminotriazine; CEAT, chloroethylaminotriazine.
b
From Gianessi and Puffer, 1991, 1992a, 1992b.
c
From Majewski and Capel, 1995.
d
Detected once
e
Method performance data is not available
f
Gaps in rankings due to pesticides not included in this study.
g
Analyzed for in air only.
h
Recovery of spiked sample was less than 60 % from Majewski et al. 1998.
i
Analyzed for in rain only.
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Table 3.2. Number of samples, maximum and median concentrations, and percent
detections for selected pesticides in rain and air samples collected from an
urban and an agricultural site in Mississippi April through September,
1995 a.
Pesticide

-1
Phase: rain (µg L )

Urban
________________________

Agriculture
__________________________

rain
gas
particulate
rain
gas
particulate
rain
gas
particulate
rain
gas
particulate
rain

#
16
24
24
16
24
24
16
24
24
16
24
24
16

max
0.096
nd
0.019
0.009
3.5
nd
0.074
0.61
nd
0.019
8.4
0.2
0.3

med
0.006
nd
nd
0.005
1.5
nd
<0.013
nd
nd
0.005
0.14
nd
0.024

%
69
0
29
63
96
0
31
8
0
56
50
25
56

#
16
21
21
16
21
21
16
21
21
16
21
21
16

max
0.83
2.6
0.42
0.04
3.1
nd
0.32
0.25
0.39
0.013
1.4
nd
22.9

med
0.02
nd
0.058
<0.005
nd
nd
0.008
nd
nd
<0.008
nd
nd
0.12

%
75
42
67
38
38
0
56
5
24
13
10
0
69

gas
particulate
rain
gas
particulate
rain
gas
particulate
rain
gas
particulate
rain
gas
particulate

24
24
16
24
24
16
24
24
16
24
24
16
24
24

0.99
nd
0.025
0.44
nd
0.14
0.24
0.043
<.006
0.19
nd
0.01
0.76
nd

nd
nd
<0.004
nd
nd
<0.016
nd
nd
<0.006
nd
nd
<0.002
0.028
nd

46
0
25
4
0
38
13
21
0
33
0
13
88
0

21
21
16
21
21
16
21
21
16
21
21
16
21
21

62
0.4
0.37
3.4
0.089
1.8
7.6
4.3
<.006
1.1
0.019
0.024
5.5
0.013

2.5
nd
0.026
0.076
nd
0.036
0.37
0.54
<.006
0.67
0.01
0.007
0.81
nd

71
29
63
62
5
81
57
62
0
100
52
69
100
5

gas & particulate
-3
(ng m )
Atrazine

Chlorpyrifos

Cyanazine

Diazinon

Methyl
Parathion

Molinate

Propanil

p,p’-DDE

Trifluralin

-3

Abbreviations: µg L-1, micrograms per liter; ng m , nanograms per cubic meter; #, number of samples; %,
% of sample detections; max, maximum concentrations; med, median concentration; nd, not determined;
<, less than
a
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Table 3.3. Water solubility, vapor pressure, and Henry’s law constant
(between 20 and 25oC) for selected compounds.
Compound
Subcooled liquidb
Henry’s law
___________________________________
constant
_________________

Water
solubility
(mole m-3)
4.48E+00
1.25E-03
1.85E+01
1.25E-01
1.27E-01
4.70E+00
6.50E+00
5.48E-04
2.44E-03

Vapor
pressure
(Pa)
1.29E-03
2.19E-03
5.21E-06
8.00E-03
2.67E-03
7.46E-01
2.36E-02
4.36E-03
9.84E-03

Atrazine
Chlorpyrifos
Cyanazine
Diazinon
Methyl parathion
Molinate
Propanil
p,p’-DDE
Trifluralin
a
Abbreviations: mole m -3, mole per cubic meter; Pa, pascal.
b

from Majewski and Capel (1995).
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Pa m3 mole-1

2.87E-04
1.75E+00
2.82E-07
6.41E-02
2.11E-02
1.59E-01
3.64E-03
7.95E+00
4.03E+00

89°

88°

34°

90°

33°

32°

Rolling Fork

Jackson

31°

30°

EXPLANATION
Air and rain sampling sites
0

10

20 MILES

0 10 20 KILOMETERS

Figure 3.1. Location of air and rain sampling sites in Mississippi, April through
September 1995.
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TOTAL PESTICIDE CONCENTRATION, IN MICROGRAMS PER LITER

0.7

Figure 3.2. Total pesticide concentrations in weekly rain samples collected from an urban site in Jackson, MS, April through
September, 1995.
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Figure 3.3. Total pesticide concentrations in weekly rain samples collected from an agricultural site near Rolling Fork,
MS, April through September, 1995 (The concentrations of methyl parathion for the weeks of 6/27 and 8/1
were 22.9 and 8.6 µg L-1, respectively ).
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Figure 3.4. Total pesticide concentrations in weekly air samples collected from an urban site in Jackson, Mississippi;
April through September, 1995.
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Figure 3.5. Total pesticide concentrations in weekly air samples collected from an agricultural site near Rolling Fork,
Mississippi; April through September, 1995. There were no samples collected for the weeks of 7/5, 7/25,
and 8/1.

CHAPTER IV
CONCENTRATIONS AND LOADS OF NITROGEN AND PHOSPHORUS IN THE
YAZOO RIVER, NORTHWESTERN MISSISSIPPI

ABSTRACT
Increased nutrient loading to the Gulf of Mexico from off-continent flux has been
identified as contributing to the increase in the areal extent of the low dissolved-oxygen
zone that develops annually off the coast of Louisiana and Texas. The proximity of the
Yazoo River Basin in northwestern Mississippi to the Gulf of Mexico and the intensive
agriculture in the basin have led to speculation that the Yazoo River Basin contributes a
disproportionate amount of nitrogen and phosphorus to the Mississippi River and
ultimately the Gulf of Mexico. Water samples from the Yazoo River were collected
during 1996 and 1997 and analyzed for total nitrogen, nitrate as nitrogen, total
phosphorus and orthophosphorus. These data were used to compute annual loads of
nitrogen and phosphorus discharged from the Yazoo River for 1996 and 1997. Annual
loads of nitrogen and phosphorus were calculated by two methods. The first used
multivariate regression and the second multiplied the mean annual concentration by the
total annual flow. Load estimates based on the product of the mean annual concentration
and the total annual flow were within the 95% confidence interval for the load calculated
by multivariate regression in all cases. The Yazoo River loads, compared to long-term
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annual loads in the Mississippi River, indicated that the Yazoo River was contributing
2.3% or less of the total nitrogen load, 5.7% or less of the total phosphorus load, and 1%
or less of the nitrate load in 1996 and 1997. The total nitrogen load from the Yazoo River
Basin into the Mississippi River and ultimately the Gulf of Mexico was proportional to its
discharge; the nitrate load was less than expected; whereas the total phosphorus load was
slightly higher than expected based on discharge.

INTRODUCTION
The annual reoccurrence of a zone of low dissolved oxygen concentration in the
Gulf of Mexico (hypoxia) off of the coast of Louisiana and Texas has been documented,
and a summary of available historical information is in Rabalais et al. (1997). This
hypoxic zone (dissolved oxygen concentration less than 2 mg L-1), depending on its
severity and duration, may cause a disruption of the fishing industry as mobile fauna
move away from the zone or mortality to fauna unable to move to an area of sufficient
oxygen. The hypoxic zone occurs each year during the late spring and summer following
seasonal high inflows of freshwater and nutrients to the Gulf of Mexico. During the
period 1985-92, estimates of the size of the hypoxic zone averaged about 10,000 km2.
Following the 1993 flood of the Missouri and upper Mississippi Rivers, the hypoxic zone
covered nearly 17,000 km2; during the period 1994-96, the hypoxic zone was reported to
be as large or larger than that following the 1993 flood (Rabalais et al. 1997).
Changes in the quality of water discharging to the Gulf of Mexico have been
implicated in contributing to the increase in the size of the hypoxic zone (Justic et al.
1993; Rabalais et al. 1996; Turner and Rabalais 1991). Specifically, since World War II,
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the increased amounts of nitrogen and phosphorus fertilizer used for agriculture have
been implicated in these changes. Because the outflow of the Mississippi River represents
about 80% of the estimated freshwater discharged to the Gulf of Mexico (Dunn 1996),
research has focused on determining the source areas for nitrogen and phosphorus in the
Mississippi River.
An area of particular interest is the Yazoo River Basin (YRB) in northwestern
Mississippi (Figure 4.1). The YRB has some of the most intensively farmed land in the
Mississippi River Basin (MRB) and is relatively close to the mouth of the Mississippi
River. Alexander et al. (1997), using a modeling approach, identified the area below the
confluence of the Ohio and Mississippi Rivers, including the YRB, as a significant source
of nitrogen to the Gulf of Mexico, though other researchers have not reached this
conclusion (Goolsby and Battaglin 1993). The U.S. Environmental Protection Agency
has questioned if on a per unit area basis there may be more nitrogen contributed from
farmland in the YRB than from other parts of the MRB (Kopfler 1998). The lack of
historical streamflow data for the lower Yazoo River has precluded accurate calculation
of loads from the YRB.
The purpose of this research was to calculate the annual load of nitrogen and
phosphorus discharged from the Yazoo River for 1996 and 1997 and to compare these
loads with that being discharged to the Gulf of Mexico from the Mississippi River and to
put into perspective, with data rather than a model, the contribution of the Yazoo River.
An additional purpose is to gain a perspective on how the nitrogen and phosphorus
concentrations and loads from the YRB compare to other subbasins within the MRB. The
water-quality data are based on water samples from the Yazoo River that were collected
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biweekly from February 1996 through December 1997. Annual loads of nitrogen and
phosphorous were computed with ESTIMATOR software that uses multivariate
regression.

Description of the Study Area
The YRB, the largest river basin in Mississippi, encompasses about 34,700 km2
(Figure 4.1). The basin is divided almost equally between lowlands in the Mississippi
Alluvial Plain (commonly referred to as the Delta), an intensive agricultural area of
mostly soybean [Glycine max (L.) Merr.], cotton (Gossypium hirsutum L.), rice (Oryza
sativa L.), and corn (Zea mays L.) production, and the uplands that generally consist of
forests, pastures, and small farms. The YRB is sparsely populated, with no major
metropolitan areas; approximately 60% of the land use in the basin is agricultural (USGS
1990).
The Yazoo River is formed by the confluence of the Tallahatchie and Yalobusha
Rivers, and drains the entire Mississippi Alluvial Plain in Mississippi. The Yazoo River
flows south from Greenwood along the eastern edge of the alluvial valley until it reaches
the Mississippi River at Vicksburg. Four flood-control reservoirs (Arkabutla, Sardis,
Enid, and Grenada Lakes) were built between 1940 and 1950 and are located in the
northeastern part of the YRB. These reservoirs control the discharge from more than
11,400 km2 of drainage in the uplands within the YRB.
Two flood-control structures control runoff from the Delta part of the YRB (Figure
4.1). The floodgates at the mouths of the Steele Bayou and Little Sunflower River are
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operated by the U.S. Army Corps of Engineers to help prevent extensive flooding in the
lower reaches of the YRB by backwater from the Mississippi River.
Except during periods of low flow in the Mississippi River, the stage and discharge
of the lower Yazoo River are affected by backwater from the Mississippi River. During
medium to high stage on the Mississippi River, the lower Yazoo River is greatly affected
by a wedge of backwater that is forced into the Yazoo River channel. During periods
when the Mississippi River is rising, water may flow in the upstream direction in all or
part of the Yazoo River channel below Steele Bayou. This bi-directional flow makes it
difficult to measure streamflow in the lower Yazoo River with conventional techniques.
With the development of acoustic doppler current profiler (ADCP) technology, accurate
streamflow measurements in large rivers with complex flow conditions are possible
(Manning 1997).

Methods of Analysis
Weekly discharge measurements were made at the Yazoo River below Steele
Bayou site using ADCP technology beginning in January 1996 and continuing through
December 1997. The ADCP uses the doppler principle by bouncing an ultrasonic sound
pulse off small particles that are present in the water column and records the shift in
frequency which is used to calculate velocity. The ADCP divides the stream cross section
into subunit areas and measures the velocity in each subunit. Using subunit area and
velocity, discharge is calculated for each subunit and is summed for total discharge. Bidirectional flow can be measured quickly and accurately (R.D. Instruments 1989). A
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stage recorder was operated throughout the study, and an acoustic velocity meter was
installed in October 1997 to measure instantaneous velocity. Prior to the installation of
the velocity meter and during periods when it was not operational, daily mean discharges
were computed by linear interpolation between weekly discharge measurements.
Otherwise, daily mean discharge was computed according to the procedures outlined by
Turnipseed et al. (1998). Daily mean discharges for the Yazoo River are available at
http://waterdata.usgs.gov/ms/nwis .
The Yazoo River below Steele Bayou sampling site is located approximately 2.5
km downstream from the Steele Bayou control structure and approximately 8 km from
the Mississippi River (Figure 4.1). Samples from the Yazoo River were collected from a
boat using established velocity-weighted, depth- and width-integrating techniques
(Shelton 1994). Sample collection began in February 1996 and continued on a biweekly
schedule through December 1997. Approximately 9 L of water was collected for each
sample. Immediately after collection the samples were subsampled using a cone splitter
(Shelton 1994). Filtered samples were passed through a 0.45 µm filter, chilled and sent to
the USGS National Water Quality Laboratory in Arvada, Colorado, for analysis by
standard procedures (Fishman and Friedman 1989).
Annual loads for 1996 and 1997 were calculated by two methods. The first uses
multivariate regression and the second, a simple check of the multivariate results,
multiplies the mean annual concentration by the total annual flow and appropriate
conversion factors.
The multivariate regression calculations were made using the ESTIMATOR
program (Cohn et al. 1992). ESTIMATOR, written in FORTRAN, uses multivariate
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regression and the Minimum Variance Unbiased Estimator (MVUE) procedure to correct
for log-transformation bias (Cohn et al. 1989). The ESTIMATOR program does the
multivariate regression for daily loads using streamflow, time, and seasonal indicators
expressed as sine and cosine transformations of time as explanatory variables. Multiple
explanatory variables are used in situations where one explanatory variable is not
sufficient for accurate model prediction. The concentrations of most constituents in
surface water are related to streamflow. However, in agricultural areas the application of
nitrogen and phosphorus as fertilizer occurs seasonally; therefore, concentrations of
nitrogen and phosphorus in waters draining these areas are expected to have an annual
cyclical variation, hence the inclusion of the sine and cosine variables.
A common set of explanatory variables was chosen for each constituent included in
the analysis. Not all explanatory variables were statistically significant for every
constituent. Statistically non-significant explanatory variables do not impair the accuracy
of the model (Dunn 1996). The regression equation for each constituent has the form:

ln(CQ) = B0 +B1 ln(Q) + B2T+B3sin(2πT) +B4cos(2πT)
where
C

= concentration

B0

= intercept

B

B1, B2, B3, B4 = regression coefficients
B

Q

= daily mean streamflow

T

= time, and

π

= 3.1416.
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[1]

A second, method of determining annual loads is to multiply the total annual
volume of water discharged out of the YRB by the mean annual concentration of the
constituent of interest and the appropriate conversion factors. The result is an estimate of
the annual loads to compare with the loads computed using the ESTIMATOR program.
One advantage of using the multivariate method is that an error estimate was
obtained that allowed for some level of certainty in the load estimate. The ESTIMATOR
program generated the standard error of the predictor, which used with the appropriate tstatistic, gave a 95% confidence interval for the calculated annual load (Helsel and Hirsch
1992).

RESULTS AND DISCUSSION

Concentrations of Nitrogen and Phosphorus
The concentrations of total nitrogen (TN) in water samples from the Yazoo River
below Steele Bayou collected during February 1996 through December 1997 ranged from
0.57 to 3.3 mg L-1 with a mean concentration of 1.3 mg L-1 (Table 4.1). The lowest
concentrations were measured during the low flow periods August through December
1996 and 1997 (Figures 4.2 and 4.3). The TN concentrations increased as discharge
increased (Figure 4.2). The nitrate plus nitrite as nitrogen (throughout this chapter
referred to as nitrate) concentrations in samples collected from the Yazoo River below
Steele Bayou ranged from 0.12 to 1.2 mg L-1, with a mean concentration of 0.42 mg L-1.
Nitrate was not well correlated with discharge (Figure 4.4), but there is a seasonal
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component as the highest nitrate concentrations occurred during the spring (Figure 4.4
and 4.5), corresponding to fertilizer application.
Total phosphorus (TP) concentrations in samples collected from the Yazoo River
below Steele Bayou from February 1996 through December 1997 ranged from 0.12 to
0.89 mg L-1, with a mean concentration of 0.27 mg L-1 (Table 4.1). The lowest
concentrations were measured during the extended low-flow period in late summer and
early fall (Figures 4.6 and 4.7). Discharge was correlated with TP, as higher TP
concentrations corresponded to higher discharge (Figure 4.6). The orthophosphorus (OP)
concentrations in water samples collected from the Yazoo River below Steele Bayou
ranged from 0.01 to 0.10 mg L-1 (Table 4.1), with a mean concentration of 0.042 mg L-1.
The lowest OP concentrations occurred in the late fall and early winter October through
January (Figures 4.8 and 4.9).
The concentrations of TN, nitrate, TP, and OP collected from the Yazoo River
below Steele Bayou as part of this study were compared with the most recent 10 years of
data (1984-93) collected as part of the USGS National Stream Quality Accounting
Network (NASQAN) program (Table 4.1) (Alexander et al. 1996). The NASQAN
samples were collected from the Yazoo River at Redwood, Mississippi, and from the
Mississippi River at Vicksburg, Mississippi. The NASQAN program was substantially
modified after 1993 and both the Mississippi River and the NASQAN site on the Yazoo
River were discontinued (Coupe and Gooslby 1999). The Yazoo River at Redwood
sampling site is upstream from the present sampling site (Figure 4.1), above the
confluence with the Steele Bayou. A summary of the NASQAN data from 1984-93 and
the data from 1996-97 is shown in Table 4.1. The mean and median concentrations for
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TN and nitrate for both of the Yazoo River sites are less than the corresponding mean and
median concentrations in the Mississippi River by about 1 mg L-1. Mean and median TP
concentrations were higher in the Yazoo River. Mean and median OP concentrations
were similar in the Yazoo and the Mississippi Rivers.
Mueller et al. (1995) examined historical water-quality data from small
undeveloped basins in 20 NAWQA study areas in the conterminous United States and
reported that concentrations of nitrate less than 0.6 mg L-1 could be considered a general
baseline for indicating the absence of significant anthropogenic effects. Seventy-five %
of the nitrate concentrations collected from the Yazoo River for this study were less than
0.68 mg L-1. However, Mueller et al. (1995) also indicated that concentrations of TP
below 0.1 mg L-1 could also be considered a general baseline for indicating the absence
of significant anthropogenic effects. The minimum concentration of TP measured in
samples from the Yazoo River below Steele Bayou during 1996-97 was 0.12 mg L-1.
The dichotomy here is probably related to the warm, humid climate of the Southeast
that promotes biological activity, leading to denitrification or uptake and incorporation of
nitrate to organic forms of nitrogen. Indeed, nitrate is about 68% of the TN in the
Mississippi River at Vicksburg, whereas in the Yazoo River it is about 27% based on the
median concentrations presented in Table 4.1. The dominant form of nitrogen was
organic in the Yazoo River, whereas in the Mississippi River it was nitrate.
TP concentrations are related to sediment concentration. The Yazoo River carries a
heavy load of sediment, a large percentage of which is fine material (<0.63 um), to which
phosphorus can adsorb. During a 6-year study of surface runoff from an 18.7-ha
watershed in the Delta, planted to continuous cotton, over 77% of the water samples
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contained concentrations of TP exceeding 0.1 mg L-1 (McDowell et al. 1989). No
phosphorus fertilizer was applied to this watershed during the study.

Loads of Nitrogen and Phosphorus
The flow regime was quite different in 1996 than in 1997 (Figure 4.10, Table 4.2).
However, without long-term historical record on the Yazoo River it is difficult to know
how well these two years represent long-term conditions. The USGS operates gaging
stations within the YRB; some of them have been in operation for more than 50 years.
Comparing the annual runoff for 1996 and 1997 with the long-term record indicates that
1996 was a slightly drier than normal year, and 1997 was wetter than normal in the YRB
(Plunkett et al. 1997; Plunkett et al. 1998).
The long-term annual mean streamflow (1932-96) for the Mississippi River at
Vicksburg, which includes the outflow from the Yazoo River, is 16,990 m3 s-1 (Plunkett
et al. 1998). Discharge from the Yazoo River for 1996 and 1997 represents 2.4 and 4.1%,
respectively, of the long term annual mean flow of the Mississippi River at Vicksburg for
1996 and 1997.
Note that during May 1996 (Figure 4.10, Table 4.2) the flow in the Yazoo River
was reversed for a short time. The ESTIMATOR load model cannot use negative flows in
its calculations; therefore these values were replaced with very small positive values.
This should not affect the overall load calculation as there were only 8 days of reverse
flow, and the total summation of those days was –440 m3 s-1, a little more than the daily
mean flow for 1996.

73

The coefficient estimates and goodness of fit parameters for the nitrogen and
phosphorus load models are listed in Table 4.3. The TN and TP models fit better than the
nitrate and OP models as indicated by a higher percentage of the variability explained by
the model and smaller standard errors. The better fit for TN and TP is probably related to
the components of TN and TP that are suspended. Suspended material is generally better
related to streamflow than are dissolved constituents such as nitrate and OP. Using 0.05
as the level of significance; time is not a significant variable in any model. This is not
surprising as the data were collected during a 2-year time period, a relatively short time
period in which to distinguish changes in concentration over time from background
variability. Either the sine or cosine parameters, or both were significant for every
constituent, indicating some level of seasonality.
Loads of TN, nitrate, TP and OP calculated by both methods are shown in Table
4.4. Output from the ESTIMATOR program includes a 95% confidence interval (CI) and
is also shown in Table 4.4. The load plus or minus the confidence interval gives the 95%
confidence interval for the load estimate.
The annual loads calculated by ESTIMATOR agreed well with the loads calculated
by multiplying the annual mean concentration by the total annual flow. The results fell
within the 95% CI calculated by ESTIMATOR.
Load calculations for the YRB can be compared with estimates of the average
annual load for the Mississippi River. Lurry and Dunn (1997) calculated loads of TN and
TP in the Mississippi River at Vicksburg for the period 1974-93. This site is just below
the confluence of the Mississippi and Yazoo Rivers. Average annual loads of TN and TP
were 1,397,000 and 127,000 metric tons (mt), respectively. The loads of TN from the
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Yazoo River during 1996 and 1997 represent 1.3 and 2.3%, respectively, of the long-term
average TN load in the Mississippi River. The loads of TP from the YRB represent 2.7
and 5.7% of the long-term annual load in the Mississippi River for 1996 and 1997,
respectively. The YRB represents about 1.2% of the drainage area of the Mississippi
River above Vicksburg; the flow of the Yazoo River contributed 2.4 and 4.1% of the
long-term annual mean flow in the Mississippi River for 1996 and 1997, respectively.
Therefore, based on these load estimates, the TN load from the YRB to the Mississippi
River, was proportional to its discharge, whereas the TP load was slightly higher than
expected, based on discharge.
Nitrate is an important component of TN, and some researchers believe it is the
most important form of nitrogen from a biological perspective because it is readily
mobile and in the form that is easily used by aquatic fauna. Long-term estimates of the
annual load of nitrate discharged into the Gulf of Mexico by the Mississippi River are not
available from Dunn (1996) or Lurry and Dunn (1997). However, Goolsby et al. (1997)
published annual loads of nitrate to the Gulf of Mexico. Goolsby et al. (1997) indicated
that prior to 1972 annual loads of nitrate were less than 300,000 mt, but in the 1980’s and
1990’s the annual loads were often more than 800,000 mt. Battaglin et al (1994) reported
that 967,000 mt of nitrate discharged into the Gulf of Mexico from the Mississippi River
for the year beginning April 1, 1991. Using 900,000 mt as the estimate of the mean
annual load of nitrate since 1978, the load of nitrate from the YRB represented 0.6 and
1.0% of the estimated nitrate discharged to Mississippi River and ultimately the Gulf of
Mexico for 1996 and 1997, respectively. The nitrate load from the YRB to the
Mississippi River was less than that expected based on discharge.
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During 1991 and 1992, Coupe et al. (1995) sampled rivers in the Midwest and the
Mississippi River (Figure 4.11) for agricultural chemicals including nitrate. Battaglin et
al. (1994) calculated an annual load of nitrate from these data for each site and showed
that the annual load of nitrate was linearly related to the TN used as fertilizer in the
drainage basin. These data were normalized for drainage area by calculating the yield (the
transport of nitrogen out of the basin by surface water in kg km-2 year-1), and plotted
against fertilizer use rate (Figure 4.12). The subbasins in the MRB range in size from
1,430 km2 to almost 3 million km2 for the entire Mississippi Basin. The smaller subbasins
with the more homogeneous agricultural land use (the Sangamon and the West Fork Big
Blue River Basins) have the highest per unit area fertilizer use rates, but they differ in the
yield of nitrate transported out of the basin, indicating a significant difference in the
processes that deliver nitrate to surface water. The highest yield rates are in the central
part of the MRB in the area known for its very high corn and soybean productivity.
The yields of nitrate from the YRB are less than the yields for the subbasins with
comparable nitrogen use. Additionally, some basins in the Midwestern corn belt that are
intensively farmed (the Sangamon and Illinois River Basins) have yields 10 to 20 times
higher than yields of nitrate in the YRB. The nitrate yield for the Lower MRB falls
between the nitrate yield for 1996 and 1997 for the YRB. The Lower MRB includes the
YRB. The fertilizer use rate is less for the Lower MRB than for the YRB because the
Lower MRB includes large areas that are less agricultural and more arid (e.g. the
Arkansas and Red River Basins) or more forested (e.g. the White River Basin).
Agricultural lands in small areas of the YRB have been shown to have large
nitrogen and phosphorus yields. McDowell et al. (1989) measured the runoff from an
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18.7-ha field that was planted to continuous cotton for 6 years. They analyzed the runoff
for TN and TP and reported yields of 4,230 and 2,120 kg km-2 yr-1, respectively. The
nitrogen loss represented nearly 25% of the nitrogen applied as fertilizer. The phosphorus
yields were higher than expected, as there was no phosphorus applied as fertilizer to these
fields. In a study of nitrogen and phosphorus losses from soybeans in the loess hills of
northern Mississippi the yield rates for TN and TP were 4,640 and 1,700 kg km-2 yr-1,
respectively (McDowell et al. 1978). These large yields were from small single cropped
watersheds and were much higher than the yields from the YRB for 1996 and 1997 as a
whole. This is probably because of differences of scale. These small watersheds had
almost 100% of their basins in agriculture, whereas only about 60% of the land in the
YRB is used for agriculture.
In summary, although there is still a considerable amount of nitrogen being
discharged from the Yazoo River, it is not a disproportionately high amount based on
drainage area or discharge. Compared to the Corn Belt of the Midwest there is much less
nitrogen fertilizer used in the Yazoo River Basin and consequently much less moves offsite into surface water. Additionally, the ratio of the yield of nitrogen from the drainage
basin to fertilizer use is less for the Yazoo River Basin than in the Midwest, probably
because of the hot and humid conditions that promote denitrification. Total phosphorus
loads are slightly higher than what one what expect based on discharge or drainage area,
but this appears to be due to the fine sediments carried by the Yazoo River which are
naturally high in phosphorus and not to phosphorus used as fertilizer moving off-site into
surface water. There is still room for improvement in nitrogen management and erosion
control by producers in the Yazoo River Basin.
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Table 4.1. Concentrations of total nitrogen, nitrate as nitrogen, total phosphorus and
orthophosphorus from water samples collected at three sites in the study areaa.
Constituent

Site

No.

Year

Max

Min

Mean

(19--)

Percentile
75th

50th

25th

______________________

-1__________________

mg L

Total

Yazoo River below Steele

21

96

2.2

0.62

1.3

1.7

1.3

0.84

nitrogen

Bayou
26

97

3.3

0.57

1.3

1.6

1.3

0.85

Yazoo River at Redwood

54

84-93

5.0

0.49

1.3

1.5

1.1

0.91

Mississippi River at

38

84-93

3.8

1.1

2.3

2.6

2.2

1.9

22

96

1.2

0.12

0.49

0.70

0.45

0.22

26

97

1.2

0.16

0.37

0.47

0.26

0.21

Yazoo River at Redwood

56

84-93

1.1

0.05

0.34

0.48

0.26

0.20

Mississippi River at

38

84-93

2.7

0.70

1.5

1.73

1.5

1.10

21

96

0.43

0.12

0.22

0.25

0.20

0.17

26

97

0.89

0.13

0.31

0.39

0.28

0.19

Yazoo River at Redwood

56

84-93

0.83

0.01

0.20

0.23

0.17

0.13

Mississippi River at

38

84-93

0.38

0.04

0.16

0.21

0.16

0.11

21

96

0.100

0.010

0.049

0.06

0.05

0.035

0

0

0.04

0.03

4

4

0.04

0.03

0

0

0.07

0.05

0

0

Yazoo River below Steele
Bayou

Vicksburg
Nitrate

Yazoo River below Steele
Bayou
Yazoo River below Steele
Bayou

Vicksburg
Total

Yazoo River below Steele

phosphorus

Bayou
Yazoo River below Steele
Bayou

Vicksburg
Ortho-

Yazoo River below Steele

phosphorus

Bayou
Yazoo River below Steele

26

97

0.090

0.018

0.038

Bayou
Yazoo River at Redwood
Mississippi River at

56
38

84-93
84-93

Vicksburg
a

0.080
0.130

<.010
0.020

0.032
0.058

0.030
0.020
0.040

Abbreviations; No., number of samples; max, maximum; min, minimum; <, less than.
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Table 4.2. The annual sum, maximum, minimum, mean, median, 25th and 75th percentile
for daily mean streamflow for the Yazoo River below Steele Bayou,
1996-97a.
Calendar year

No.

Sum

Max

Mean

Min

percentile (m3 s-1)
75th

________________________

50th

25th

days

m3 yr-1

1996

366

1.27 X 1010 1,470

402

-106b

504

338

248

1997

365

2.19 X 1010 1,830

694

263

892

583

388

a

m3 s-1______________________

Abbreviations; No., number of days in the year; max, maximum daily flow; min,
minimum daily flow; m3 s-1, cubic meters per second; m3 yr-1, cubic meters per year.
b
Negative flow, May 1996.
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Table 4.3. Coefficient estimates and goodness of fit parameters for nitrogen and
phosphorus load modelsa.
B2
B3
B4
r2
s
______________________
p-value______________________
total
10.94
1.1978
-0.1420
0.2503
-0.0807
86.2 0.31
nitrogen
(0.000)
(0.000)
(0.125)
(0.002)
(0.204)
nitrate as
9.67
0.9643
-0.0719
0.3854
-0.400
72.8 0.45
nitrogen
(0.000)
(0.000)
(-.5798)
(0.001)
(0.000)
total
9.35
1.2939
0.011
0.2210
-0.0065
83.9 0.37
phosphorus (0.000)
(0.000)
(0.9196) (0.021)
(0.931)
ortho7.50
1.2141
-0.1848
-0.0403
-0.2710
74.4 0.38
phosphorus (0.000)
(0.000)
(0.1039) (0.674)
(0.000)
a
Abbreviations; model: ln(load) = B0 +B1 ln(Q) + B2T+B3sin(2πT) +B4cos(2πT) where
load is estimated daily total load in kilograms per day; Q is daily mean streamflow in
cubic meters per second; T is decimal time; p-value is the attained significance level in
bold if statistically significant at the 0.05 level; r2 is the coefficient of determination
(variability explained by the model); s is the standard error of the regression (a measure
of the dispersion of the data around the regression line in log units.
Constituent

B0
B

B1
B

B

B
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B

Table 4.4. Results of load calculations for total nitrogen, nitrate as nitrogen, total
phosphorus, and orthophosphorus for the Yazoo River below Steele Bayou
1996-97 using two methods; multivariate regression and by multiplying the
total annual flow by the annual mean concentrationa.
Constituent

Method of calculation

Multivariate regression
C*Q
1996
CI
1997
CI
1996
1997
_________________________________
_________________________________
metric tons
total nitrogen
18,200
±2,700 32,500
±4,300 16,500 28,500
nitrate as nitrogen 5,200
±1,060 9,300
±1,800 6,220
8,100
total phosphorus
3,400
±620
7,300
±1,200 2,790
6,790
orthophosphorus
580
±101
960
±154
622
832
a
Abbreviations; C*Q, annual mean concentration multiplied by total annual flow, in bold
if within the 95 percent confidence interval of the load estimate calculated by
multivariate regression; CI, 95 percent confidence interval of the load estimate.
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Figure 4.1. Location of data collection sites in the Yazoo River Basin.
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Figure 4.2. Concentrations of total nitrogen versus discharge in the Yazoo River,
February 1996 through December 1997.
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Figure 4.3. Concentrations of total nitrogen versus month in the Yazoo River, February
1996 through December 1997.
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Figure 4.4. Concentrations of nitrate nitrogen versus discharge in the Yazoo River,
February 1996 through December 1997.
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Figure 4.5. Concentrations of nitrate nitrogen versus month in the Yazoo River, February
1996 through December 1997.

89

1.0

TOTAL PHOSPHORUS, IN MILLIGRAMS PER LITER

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-200

0

200

400

600

800

1,000

1,200

1,400

1,600

DISCHARE IN CUBIC METERS PER SECOND

Figure 4.6. Concentrations of total phosphorus versus discharge in the Yazoo River,
February 1996 through December 1997.
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Figure 4.7. Concentrations of total phosphorus versus month in the Yazoo River,
February 1996 through December 1997.
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Figure 4.8. Concentrations of orthophosphorus versus discharge in the Yazoo River,
February 1996 through December 1997.
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Figure 4.9. Concentrations of orthophosphorus versus month in the Yazoo River,
February 1996 through December 1997.
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Figure 4.11. Data collection sites and associated drainage basins in the Midwest study.
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CHAPTER V
LONG-TERM TILLAGE EFFECTS ON FLUOMETURON AND ATRAZINE
ADSORPTION IN A MISSISSIPPI DELTA SOIL

ABSTRACT
Conservation tillage management practices are known to change the properties of
soil including increasing levels of soil organic matter. Plant residues in conservation
tillage systems accumulate at the surface and, with time, will form a layer enriched in soil
organic matter. These changes can affect the sorptive properties of the soil. The objective
of this research was to characterize the impact of conservation tillage on the adsorptive
properties of a Dundee silt loam (fine-silty, mixed thermic, Aeric Ochraqualf) for two
herbicides: fluometuron and atrazine. Bulk (0-10cm) soil samples were collected from
conventional tillage (CT) or long-term (>10 years) no-tillage (NT) plots. A 24 h batch
equilibrium experiment was conducted to compare and contrast differences in adsorptive
properties of atrazine and fluometuron with soil under different tillage regimes. The
Freundlich coefficients (Kf & N), the partitioning coefficient (Kd) and the partitioning
coefficient normalized for organic carbon (Koc) for each herbicide soil/tillage pair were
calculated. The isotherms were fairly linear with the N dimensionless exponent from the
Freundlich equation > 0.89. Most of the herbicide in solution was adsorbed within the
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first 5 minutes, and adsorption was essentially complete by 24 h. Under the conditions of
this study, there is a difference in the amount of atrazine and fluometuron adsorbed
between CT and NT. There were no statistically significant differences between the
amount of atrazine and the amount fluometuron adsorbed to the CT soil and only a small
difference in the amount adsorbed to the NT soil; this is probably due to the slight
differences in the physical or chemical properties of these two herbicides under the
conditions of this study. The differences in herbicide adsorption between CT and NT
soils are related to increased soil organic matter in NT soils.

INTRODUCTION
Modern agriculture is not a static enterprise, but rather a dynamic, ever-changing
process with a bewildering array of options for management at every level; from choices
in the genetic variety of crops developed specifically for the soils, climate, and pests of a
particular area, to methods of soil preparation, to multiple options for weed control
depending upon the genetic variety of crop planted. One important aspect of these
management changes is how they affect the fate and transport of herbicides.
One such management option that has been quite successful and is being used
widely by producers is conservation tillage. Conservation tillage reduces soil erosion and
changes the physical and chemical properties of soil over time (for a review of literature
see Locke and Bryson 1997). Some of the changes to the physical and chemical
properties of the soil, such as organic carbon, pH, texture, nutrient status, soil moisture,
and microbial populations, can have a significant role in the interaction of herbicides and
soil. Many of these changes to soil properties are quite good for soil tilth and crop
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production. However, conservation tillage increases the difficulty of weed control in that
some of the herbicide applied can be intercepted by crop residue left on the surface of the
soil, thereby reducing the amount of herbicide reaching the target. Increased soil organic
matter (SOM) can also increase the amount of herbicide adsorbed, thus removing
herbicide from soil solution and decreasing weed control. Additionally, increased
microbial biomass may increase the herbicide degradation rate, resulting in decreased
herbicide efficacy. All of these characteristics may affect the availability of pesticides in
soil either by affecting adsorption, degradation, or transport (Locke and Bryson 1997;
Walker 1987). Conservation tillage can also increase herbicide movement off site in
surface waters (Intarapapong 2002; Leonard 1990; Mueller 1992).
The primary factor correlated to herbicide sorption is generally assumed to be
SOM (Harper 1994; Stevenson 1994). This is because of the wide range of functional
groups associated with humic substances that greatly enhance adsorption (Koskinen and
Harper 1990). Adsorption by the soil mineral fraction is relatively unimportant in wet
soils because of the strong dipole interaction between soil minerals and water which
excludes neutral organic solutes from this portion of the soil (Chiou 1983). The important
components of SOM include humic acid, fulvic acid, and humin, all defined by their
solubility in acid or base. SOM adsorbs herbicides by several mechanisms, including ion
exchange, hydrophobic bonding, H bonding, charge transfer, Van der Walls attraction,
and ligand exchange (Stearman et al. 1989). Conservation tillage increases SOM in the
surface soil over that of conventionally tilled soil.
The major factors that determine the extent to which herbicides are adsorbed by
SOM include: i) physical or chemical characteristics of the adsorbents, ii) physical or
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chemical properties of the pesticides, and iii) properties of the soil system, such as clay
mineral composition, pH, kinds and amounts of exchangeable cations, moisture, and
temperature (Stevenson 1994). Observed differences in adsorption between organic
compounds in the same soil are because of differences in the physical and chemical
characteristics of the compounds (Koskinen and Harper 1990).
Cotton (Gossypium hirsutum L.) and corn (Zea mays L.) are both grown on Delta
soils with good internal drainage; corn is a good rotational crop for cotton (Snipes et al.
2004). These are predominately sandy loam, silt loam, or loamy soils and include
Commerce, Dubbs, Dundee, and Robinsville series. Fluometuron and atrazine are
herbicides used frequently in the Mississippi Delta for weed control in cotton and corn,
respectively. In the 1990’s several studies found these herbicides frequently in the surface
waters of the Yazoo River Basin in Mississippi (Pereira and Hosteller 1993; Pennington
1996; Coupe 1998; and Coupe 1999). Atrazine and fluometuron have similar physical
and chemical properties (Table 5.1). Fluometuron is a neutral compound and although
atrazine is a weak-base herbicide, its pKa of 1.7 is so low that under most field conditions
atrazine is nonionized. Both compounds are considered moderately soluble, but
fluometuron has higher water solubility and atrazine has a higher Kow.
Reduced tillage often increases soil acidity, which may in turn increase the
sorption of weak bases such as atrazine which have a positive charge through protonation
in low pH soils (Locke and Bryson 1997). The amount of unextractable atrazine was
greater in NT and increased with time in areas of lower pH (Kells 1980). However,
atrazine has a pKa of 1.7 at 21 C, so this effect would be minimal (Ahrens 1994). A
thermodynamic analysis has shown that the soil surface reactions with triazine and
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substituted urea herbicides are similar and that there is little evidence of a specific
bonding mechanism for any of them (Wauchope and Koskinen 1983).
Crisanto (1994) compared the mobility of fluometuron, atrazine and three other
compounds in 13 uncultivated soils and found that, although the mobility of the
compounds were quite similar, fluometuron was slightly more mobile. Atrazine had a
highly significant (p < 0.001) negative correlation with organic matter and fluometuron
had a significant (p < 0.01) negative correlation with organic matter. Fluometuron
mobility was also significantly correlated to clay content and both atrazine and
fluometuron mobility was enhanced by the presence of dissolved organic matter.
Using a Dundee soil from conventional tillage (CT) and no-tillage (NT) soybean
Zablotowicz et al. (2000) examined how tillage affects fluometuron adsorption in the top
25 cm of soil, and concluded that most of the changes occurred in the top 2 cm, with 48%
more organic carbon in the NT soil versus the CT soil. Although the NT soil had higher
sorption rates over the CT soil in the top 2 cm, the 2-5 cm layer had higher adsorption
rates in the CT soil. This was attributed to the mixing of labile organic matter into the soil
under CT. Locke et al. (1995) showed that adsorption was higher in NT than CT, more
rapid in NT soil, was nonlinear (N<1), and that equilibration time and organic C were the
dominant factors influencing fluometuron sorption quantity and kinetics. On a Lexington
silt loam, Brown et al. (1994) found that soil adsorption of fluometuron was positively
correlated with SOM and cation exchange capacity and that degradation rate was not
affected by adsorption. In a coastal plain Norfolk loamy sand Novak et al. (1996) showed
that atrazine was more strongly influenced by soil organic carbon (higher R2), NT soils
adsorbed more herbicide than CT soils, and atrazine had higher Kd values than
101

fluometuron. No studies have examined the adsorptive properties of atrazine from Delta
soils and no direct side-by-side studies for fluometuron and atrazine using the same
methodology have examined these properties. Thus, the objectives of this research were
to compare and contrast the adsorption properties of fluometuron and atrazine to a cotton
soil from the hot and humid southeastern United States cropped under different tillage
conditions.

MATERIALS AND METHODS
Soil Characterization
The Dundee silt loam (fine-silty, mixed thermic, Aeric Ochraqualf) soil used in
this study was collected from a long-term tillage experiment (Zablotwicz et al. 2000) near
Stoneville, Mississippi. The soil was collected at random from the surface 10 cm within 3
replications of CT or long-term (>10 years) NT plots. The plots had been in continuous
soybean production and no fluometuron or atrazine had been used on these plots for at
least 10 years. The soil was air-dried and placed in the dark in cool dry storage until used.
Before use, the soil was passed through a 2-mm sieve. Analysis of the differences in soil
characteristics between the soil under NT and CT systems indicate that the NT soil has
twice the SOM as the CT soil, less clay, and more sand (Table 5.2).

Fluometuron and Atrazine Adsorption
A batch equilibration method similar to that used by other researchers (Shankle et
al. 2004; Smith et al. 2003; Zablotowicz et al. 2000) was used to determine the
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characteristics of fluometuron and atrazine adsorption to the soil. The batch equilibration
method does not represent normal field conditions accurately (Smith et al. 2003) because
of a high water:soil (here 2:1) ratio and short equilibrium time. In addition, the agitation
destroys the soil aggregates (Savage and Wauchope 1974), thereby increasing the number
of adsorption sites. However, the method is still useful, as it quickly characterizes a soil
and has been used on many soils nationwide so that comparisons across soil types are
possible. Soil (5 g) was transferred to 50-mL centrifuge tubes1. Technical grade
fluometuron2 and technical grade atrazine3 were dissolved in 10ml 0.005 M CaCl2 to
achieve the desired solution concentrations. The solutions contain uniformly ring-labeled
14

C-fluometuron (specific activity 17.3 Bq g-1, 99% radiochemical purity) and 14C-

atrazine (specific activity 1,528 Bq g-1, 94.5% radiochemical purity). Herbicide purity
and specific activity was confirmed by high-performance liquid chromatography4
analysis and liquid scintillation analysis.
Ten ml of solution were added to the soil and shaken for specific amounts of time,
depending upon the adsorption property under investigation. The shaker had a 12 cm
horizontal travel and operated at 260 oscillations per minute. After shaking, the soilsolution slurry was centrifuged (4000 X g for 10 min) and a 1-ml aliquot of supernatant
was transferred to 15 ml of water-accepting scintillation cocktail5. Liquid scintillation
spectrometry6 counted 14C radioactivity for each sample using internal quench correction
standards. Blank samples were used to adjust from background radioactivity.
Fluometuron and atrazine sorption to soil was determined by a change in the amount of
herbicide in solution.
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A preliminary study was conducted to determine the time needed to approach
equilibrium (data not shown). For each herbicide it was determined that equilibrium
between the herbicide in solution and the herbicide adsorbed to the soil reached a steady
state and was essentially complete after 24 h. This has been noted by other researchers
(Mueller et al. 1992; Novak et al. 1996). In order to determine how the adsorptive
properties of atrazine and fluometuron change with different tillage practices, two
experiments were conducted to compare and contrast the results. The first experiment
examined the kinetics of adsorption. The soil samples were placed on the shaker for 24 h
and spiked at the appropriate intervals in order for the soil samples to be exposed to the
herbicides for varying lengths of times (5 min, 15 min, 30 min, 45 min, 1 h, 4 h, 12 h, and
24 h). The kinetic experiments were conducted separately for each herbicide and the
initial solution concentration used for this experiment was 4 mg L-1. This concentration
was considered to be an average value that the top cm of soil might be exposed to under
normal application rates. The second experiment developed a partitioning isotherm for
each herbicide. The experiment was conducted for 24 h with a range of initial solution
concentrations (0.015, 0.15, 0.75, 1.5, 7.5, and 15 mg L-1). Each incubation time for the
kinetics experiment and each concentration for the isotherm experiment were replicated
three times, and all experiments were duplicated.
The data were fit to Freundlich and linear equations. The Freundlich equation
took the form of:

Seq = KfCNeq

[1]
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Where Seq is the sorbed concentration, Ceq is the aqueous concentration, Kf is the
sorption constant, and N is a dimensionless power coefficient. N for most pesticides is in
the range of 0.7 to 1.1 (Haymaker and Thompson 1972). If N is less than 1, increasing the
solution concentration decreases sorption; if N is greater than 1, an increase in solution
concentration increases sorption. If N is equal to 1, the equation is linear and Kf = Kd,
where Kd is the partitioning coefficient. The Kd is calculated:

Kd =

Seq
Ceq

[2]

And the partitioning coefficient normalized for organic carbon content (Koc) is
calculated:
Koc =

Kd
X 100
OC

[3]

where OC is the percent organic carbon content in the soil.

RESULTS AND DISCUSSION

For the most part, fluometuron and atrazine were quite similar in their kinetics of
adsorption (Figure 5.1). Most of the adsorption of atrazine and fluometuron for both NT
and CT soils occurred by the first measurement period of 5 min. The NT soil adsorbed
close to twice as much herbicide, with atrazine having a slightly higher adsorption rate.
The distribution of the adsorbed herbicide with time showed the classic two phases: a
rapid, almost instantaneous initial phase, followed by a gradual increase in adsorbed
herbicide (Harper 1994; Mueller et al. 1992; Wauchope and Myers 1985).
105

The CT soil adsorbed about 33% of both herbicides by the first time step of 5
min, and approximately 15% more was adsorbed over the next 24 h. The amount of
herbicide adsorbed by the CT soil was not different between atrazine and fluometuron at
5 min, 12 h nor at 24 h (Table 5.3). The percent of atrazine adsorbed between 12 and 24 h
was not different for either soil; however, the percent of fluometuron adsorbed by CT soil
was different between 12 and 24 h. This is possibly due to the lower SOM content in CT
soil as well as older and less labile SOM; both of these circumstances would slow
sorption.
The NT soil initially adsorbed (5 min) approximately 60% of both herbicides and
approximately another 10% by 24 h. There was a significant difference between the
amounts of atrazine and fluometuron adsorbed by the NT soil at 5 min, no difference at
12 h, and a significant difference at 24 h (Table 5.3). The difference in the amount
adsorbed at 24 h was small, with an average of 67 and 70% adsorption of fluometuron
and atrazine, respectively. There were no differences between 12 and 24 h on the amount
of atrazine or fluometuron adsorbed by the NT soil, indicating that most of the herbicide
was adsorbed quickly.
The results from the isotherm experiments are shown in Figure 5.2. These results
are quite similar to those from the kinetics experiment in that there are clear differences
between the types of tillage, but not between herbicides within a single tillage practice.
The Freundlich coefficients (Kf & N), the partitioning coefficient (Kd ) and Koc
shown in Table 5.4 are all similar to reported values in the literature (Blanche et al. 2003;
Mueller et al. 1992; Smith et al. 2003; Wauchope and Koskinen, 1983; Wauchope and
Myers 1985; Zablotowicz et al. 2000). In a study using the same soil Zablotowicz et al.
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(2000) had a much higher Kf for the top 2 cm of the NT soil, but when averaged over the
top 10 cm results were very similar to those shown here. The SOM was probably not as
aged and more labile in the top 2 cm of the NT soil.
Within the range of data in this experiment there appears to be only a slight
improvement in fit between using a linear equation and the more complicated Freundlich
equation. With the same soils but different depths of soil columns, Zablotowicz et al.
(2000) and Locke et al. (1995) showed that for fluometuron adsorption was not linear,
with N values ranging from 0.78 to 0.86. NT soils generally had lower N values. The N
values in this study were much higher (0.89-0.95). The exponent N in the Freundlich
equation is related in a simple way to the decreasing energy of available adsorption sites
as the amount of herbicide adsorbed increases, but this change in energy is small over the
range of herbicide concentration used in this experiment (Wauchope and Koskinen,
1983). Additionally, some researchers have noted that the initial phase of the adsorption
process is near linear as the rate-controlling mechanism is likely either adsorption without
site limitation or boundary-layer mass transfer, both of which are functions of solution
concentrations and relatively rapid processes (Weber and Huang 1996). Whereas,
adsorption after the easily accessible sites have been filled follows a more logarithmic
function.
Because of the low clay content in each of these soils, it can be assumed that the
controlling force for adsorption is SOM content. Green and Karickhoff (1990) showed
that the threshold ratio of clay mineral fraction to organic C fraction for mineral
contribution to sorption was in the range of 25-60; well above the ratio for either the CT
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soil (5.2) or the NT soil (0.61). This is also shown by the fact that the atrazine and
fluometuron Koc are similar for the CT and NT soils and are similar between herbicides.
As stated above, the observed differences in adsorption between organic
chemicals in the same soil should be because of differences in the chemical
characteristics of the compounds. Stevenson (1994) indicated that the primary bonding
mechanism between substituted ureas (fluometuron) and s-triazines (atrazine) are similar
(Van der Waals and H-bonding) but that ligand exchange might be important for
substituted ureas because of the C=O functional group.
For the conditions of this study, the results indicate that there is a difference in the
amount of atrazine and fluometuron adsorbed between a soil in CT and the same soil in
NT. Additionally, the slight differences in physical and chemical properties (Table 5.1)
between atrazine and fluometuron are not enough to measure a difference in the amount
absorbed between atrazine and fluometuron on CT soils and there is only a slight (0.03)
statistical difference between the amounts adsorbed on NT soils. The differences are
related to the increase in SOM in NT soils.
One of the implications of this research is that a significantly larger amount of
atrazine or fluometuron is required under NT field conditions to attain the same level of
weed control as under CT practices. This is due to the change in soil properties under NT
conditions of which, the most important, as related to adsorption, is the increase in SOM
in NT soils. An additional implication of this research is that within the range of the
physical and chemical properties of atrazine and fluometuron there is no difference in the
amount adsorb by the CT soil, indicating that the mechanism of adsorption is probably
similar. However, there are differences in the amount adsorbed to NT soils immediately
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(5 min), none at 12 h, and only a slight statistical difference after 24 h, indicating that
there are differences in the mechanism of atrazine and fluometuron adsorption to SOM
that bears further research.

SOURCES OF MATERIALS
1

Corning brand 50 ml graduated polypropylene centrifuge tubes. Corning
Incorporated, Pulteney St, Corning, NY 14831.
2

Novartis, 410 Swing Rd., Greensboro, NC 27409.

3

Syngenta Crop Protection, Inc. P.O. Box 18300, Greensboro, NC 27419-8300.

4

HPLC 1100 series, Hewlett-Packard Comp., 2850 Centerville Rd., Wilmington,
DE 19808-1610.
5

Scintiverse, Fisher Scientific Co., 711 Forbes Ave., Pittsburgh, PA 15219-4785.

6

Model LS 60000IC, Beckman Instruments, Inc., 2500 Harbor Blvd., Fullerton,
CA 92634-3100.
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Table 5.1. Physical and chemical properties of the soil-applied herbicides atrazine and
fluometuron (Ahrens 1994).
Herbicide
Atrazine
Fluometuron

Solubility
(mg L-1)
33
110

pKa
1.7
None
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Kow
@ 25c
481
242

Koc
(average ml g-1)
100
100

Table 5.2. Median of pH, mean of soil organic mater and organic carbon, mean of percent
clay, silt and sand content of a Dundee silt loam soil cropped under
conventional tillage (CT) and no-tillage (NT).
Tillage

pH

CT
NT

5.9
5.7

1

SOM
OC1
Clay
Silt
Sand
______________________%________________________
1.6 ±0.101
0.93
8.3 ±0.722 48 ±1.26
43 ±0.661
4.1 ±0.305
2.2
2.5 ±0.0
46.5 ±2.38 51 ±2.39

Value is determined by dividing percent organic matter by 1.724 (Buol et al. 1989).
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Table 5.3. Statistical significance of the interaction of type of soil tillage versus atrazine
and fluometuron adsorption after 5 min, 12 h, and 24 h at the 0.05 probability
level using a 4.0 mg L-1 concentration. Soil was a Dundee silt loan cropped
under conventional tillage (CT) and no tillage (NT).
Compound
NT Atrazine
CT Atrazine
NT Fluometuron
CT Fluometuron
1

NT Atrazine
-----

CT Atrazine
Yes, Yes, Yes
----

NT Fluometuron
Yes, No, Yes1
Yes, Yes, Yes
----

CT Fluometuron
NA, Yes, Yes
No, No, No
Yes, Yes, Yes
--

The probability was only slightly significant (0.03) and the difference in percent adsorb
was 67% for fluometuron and 70% for atrazine.
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Table 5.4 Comparison of Freundlich isotherm (Kf), Freundlich exponent (N), linear
isotherm (Kd), the partitioning coefficient normalized for organic carbon
(Koc), R2 and probability of atrazine and fluometuron after 24 h incubation.
Soil was a Dundee silt loam cropped under conventional tillage (CT) or no
tillage (NT).
Herbicide
Fluometuron

Atrazine

Tillage Kf (l kg-1)
CT
-1.7905
NT
-4.3999
CT
-1.81
NT
-4.0073

N
-0.9114
-0.8921
-0.935
-0.9535

116

Kd
1.253
-3.198
-1.318
-3.018
--

Koc
135
-134
-142
-127
--

R2
0.9967
0.9993
0.9977
0.9999
0.9957
0.9985
0.9973
0.9875

Probability
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
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Figure 5.1. Percent of atrazine and fluometuron adsorbed by no-till and conventionally tilled Dundee soil over 24 hours at a concentration of 4.0 mg/L
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Figure 5.2. Adsorption isotherms that describeFigure
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and fluometuron adsorption to soils under conventional tillage and under no-tillage
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CHAPTER VI
USE OF A WATERSHED MODEL TO CHARACTERIZE THE FATE AND
TRANSPORT OF FLUOMETURON, A SOIL-APPLIED COTTON
HERBICIDE, IN SURFACE WATER

ABSTRACT

The Soil and Water Assessment Tool (SWAT) was used to characterize the fate
and transport of fluometuron (a herbicide used on cotton) in the Bogue Phalia Basin,
Mississippi. The Bogue Phalia drainage area is 1,270 km2, in the Mississippi River
Alluvial Plain (locally referred to as the Delta). Land use in the basin is more than 80
percent agriculture, with most of the rest of the land use being wetlands or forest. The
major crop in the drainage basin is soybean, with significant amounts of rice and cotton,
and smaller amounts of corn. The National Water Quality Assessment (NAWQA)
program of the U.S. Geological Survey (USGS) established a gaging station to measure
discharge in the Bogue Phalia near Leland, Mississippi, in October 1995, and sampled for
pesticides from February 1996 until December 1997. SWAT is a conceptually based,
basin-scale watershed model, able to simulate hydrologic, chemical and sediment
transport processes. The model requires information about weather, soil properties,
topography, natural vegetation, and cropping practices. SWAT does not have a welldefined calibration procedure; however, the model can be calibrated to fit observed data.
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The model was calibrated using observed discharge data from 1996 and 1997, and the
1998 data were used for validation of the model. After minor adjustments, the SWAT
model fit the streamflow relatively well, with Nash-Sutcliffe efficiency values and the R2,
determined at a daily time-step, greater than 0.6 for both the calibration and validation
periods. The observed sediment concentrations are generally within an order of
magnitude with those simulated by the model, except for those time periods when the
model simulated zero flow. At the scale of the Bogue Phalia Basin (too large for specific
information to be available and too small for averaging to eliminate the need for site
specific data) there are considerable uncertainties associated with input data and these,
together with the simplifying assumptions within the model, mean that SWAT should not
be used to predict the exact date, time, and concentration of a pesticide in a stream.
However, the model does offer the potential to assess the likelihood of contamination of
surface waters by a given compound in a given situation and as such could provide a
useful tool for planning, management and regulatory purposes.

INTRODUCTION

Agriculture is a significant contributor of sediment, nutrients, and agricultural
chemicals in surface waters of the United States (U.S. Environmental Protection Agency
2002). However, it is clear that the production of food and fiber must continue.
Additionally, agriculture must remain economically viable for the continued health and
safety of our Nation’s citizens and ultimately the world community at large.
Modern agricultural production is a complex business that is constantly changing
due to economic pressures, changing technology, and market forces. There is an axiom in
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economics called the “Law of Unintended Consequences”, (Merton 1936) that is defined
as “situations where an action results in an outcome that is not (or not only) what is
intended. The unintended results may be foreseen or unforeseen, but they should be the
logical or likely results of the action”. The same axiom can be applied to agriculture. For
example, producers in the Midwest were encouraged to improve areas in fields with high
water tables that were alternatively wet and dry because they could develop nitrogen
deficiencies, due to denitrification, and that subsurface drainage was the best method to
improve yields (Troeh et al. 1991). Installing subsurface drainage did improve yields,
reduce runoff, peak outflow rates, and sediment losses. However, this decreased losses
of some agricultural chemicals, but increased the losses of others (Skaggs et al. 1994).
The unintended consequence was that nitrate was routed directly into the streams without
having the opportunity to be denitrified (Fenelon and Moore 1998) in the soil. Nitrate
discharged from the Mississippi River has been linked to expanding areas of lowdissolved oxygen in the Gulf of Mexico (Rabalais and Turner 2001). Another example is
the use of conservation tillage as a mechanism to reduce sediment erosion. The
unintended consequence was that, although conservation tillage decreased sediment
erosion, the large amount of organic matter left on fields in conservation tillage
intercepted a significant amount of applied herbicides. Hence, the application rate had to
be increased; in some cases, this has led to increased herbicide movement off-site into
surface waters (Intarapapong et al. 2002).
The ability to determine the effects of agricultural management changes on water
quality in a watershed is imperative in order to balance the economic needs of the
producer with environmental concerns, and to assist in determining unintended
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consequences. While extensive research has been conducted to describe the effect of
changing management practices on plot and field scale areas, less is known about how
land-use changes are reflected at the watershed scale. Watershed models are valuable
tools for examining the effect of land use on hydrology and water quality.
One model developed for the express purpose of evaluating the effects of land-use
practices on water quality at the watershed scale is called the Soil and Water Assessment
Tool (SWAT). SWAT was developed by the U.S. Department of Agriculture, Agriculture
Research Service, in the early 1990s to “scale up” beyond field-scale models to large
river basins (Arnold and Fohrer 2005). SWAT is an operational or conceptual model that
was developed to assist water-resource managers in assessing water supplies and
nonpoint-source pollution on large river basins. The primary considerations in model
development were to stress (1) climate and management impacts; (2) water quality
loadings and fate; (3) flexibility in basin discretization; and (4) continuous time
simulation. SWAT has been packaged with the U.S. Environmental Protection Agency’s
(USEPA) Better Assessment Science Integrating Point and Nonpoint Sources (BASINS)
model that includes inputs (e.g. soil, land-use, weather) that are readily available over
large areas so the model can be used in routine planning and decision-making. SWAT
simulates the major hydrologic components and their interactions as simply, and yet as
realistically, as possible (Arnold and Fohrer 2005).
SWAT has been used successfully by many investigators throughout the world to
simulate streamflow, sediment, and nutrient loadings (e.g. Bosch et al. 2004; Santhi et al.
2001; Wu and Xu, 2006; a more complete list is available online at
http://www.brc.tamus.edu/swat/index.html). However, there has been little work to assess
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the ability of SWAT to simulate the movement of pesticides and no assessment from the
hot and humid southeastern United States. The authors of SWAT (Neitsch et al. 2002a)
concluded that SWAT could realistically predict the movement and transport of
pesticides in a Midwestern basin. Brown and Hollis (1996) compared results from field
scale watersheds to observed values in 4 separate locations in the United Kingdom and
determined that SWAT adequately performed in predicating the maximum concentration
at this scale, but did not adequately predict absolute concentrations of pesticides in
surface water. Isoxaflutole, a soil-applied corn herbicide, and a degradate of isoxaflutole
were successfully compared to observed data in four Midwestern reservoirs
(Ramanarayanan et al. 2005).
One of the greatest impediments to the evaluation of SWAT’s ability to simulate
pesticide movement is the lack of data collected frequently enough to define actual
pesticide concentrations. The U.S. Geological Survey’s National Water Quality
Assessment Program (NAWQA) has done so at a few locations in the U.S. The authors of
SWAT used NAWQA data from Indiana to evaluate SWATs ability to predict off-site
pesticide movement (Neitsch et al. 2002a). The NAWQA program, operating in the
Mississippi Delta, collected weekly to bi-weekly data in 1996 and 1997 on the
concentrations of selected pesticides, including fluometuron, in streams in the Delta
(Coupe 2000). These data are sufficient to evaluate SWATs ability to simulate
fluometuron concentrations in the Bogue Phalia.
The objective of this research was to (1) evaluate the effectiveness of SWAT for
simulating the hydrology of a 1,270 km2 basin located in the alluvial plain of the lower
Mississippi River, using datasets readily available through the national database
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incorporated within BASINS, and (2) evaluate the ability of SWAT to predict
concentrations of fluometuron in the Bogue Phalia.

MATERIALS AND METHODS

Watershed Description

The Bogue Phalia Basin is located in northwestern Mississippi and flows in a
north-south direction from its headwaters near the Mississippi River levee in Bolivar
County to its confluence with the Big Sunflower River in Washington County (Figure
6.1). The basin is located in the low, relatively flat alluvial plain of the Mississippi River
(locally referred to as the Delta), a slightly undulating area of little topographic relief
with an average gulfward slope of about 0.25 m km-1. The USGS operates a gaging
station near the town of Leland, MS. The drainage basin upstream of the gaging station is
approximately 1,270 km2 and is located mostly in Bolivar County (Figure 6.2). Land use
in the Bogue Phalia Basin above the gaging station site is 80 percent agricultural. The
next largest land-use category is forested wetlands, at 10.5 percent. Agriculture in the
basin is dominated by soybean [Glycine max (L.) Merr.], with lesser amounts of cotton
(Gossypium hirsutum L.), and rice (Oryza sativa L.), and even less corn (Zea mays L.). In
1996, Bolivar County planted approximately 88,000 ha soybean, 25,000 ha cotton, 5,800
ha corn, and 27,000 ha rice, while Washington County planted approximately 48,000 ha
soybean, 39,000 ha cotton, 12,200 ha corn, and 11,200 ha rice (Gregory 1998). The
channel slope is approximately 0.4 m km-1, and the channel length upstream of the gaging
station is approximately 93.7 km.
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Most of the soils in the Bogue Phalia Basin are heavy clay soils, ideal for rice
agriculture because they are fairly impermeable (Figure 6.2, Table 6.1). Cotton and corn
are grown on the ridges and slightly more permeable areas along the margins of the basin.
The interior of the basin is dedicated to rice and soybean culture. The Bogue Phalia Basin
is a surface-water driven system, with most of the water moving off-site via streams and
rivers and very little movement into the underlying aquifer (Arthur 2001).

Model Description

The USEPA has developed the software system BASINS1 as a tool for the
assessment of watersheds (Di Luzio et al. 2002; Bosch et al. 2004). BASINS operates
within a GIS platform and default databases and software are supplied that automatically
delineate a watershed, and efficiently imports, classifies, and overlays land use and soil
maps; it then chooses the optimal combination of the Hydrologic Response Units (HRUs)
classes for each sub-watershed. Everything is downloadable from the internet. BASINS
also interfaces data directly with several watershed scales models including SWAT.
SWAT2000 is the most recent version of SWAT (Neitsch et al. 2002a 2002b). It
is a continuous-time model that operates on a daily time-step. The objective of SWAT is
to be able to predict the effect of management on water, sediment, and agricultural
chemical yields in large ungaged basins. To satisfy the objective, the model (a) is
physically based (calibration is not possible on ungaged basins); (b) uses readily available
inputs: (c) is computationally efficient to operate on large basins in a reasonable time;
and (d) is continuous in time and capable of simulating long periods for computing the
effects of management changes. SWAT uses a command structure for routing runoff and
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chemicals through a watershed. Commands are included for routing flows through
streams and reservoirs, adding flows, and inputting measured data from wastewater
treatment plants. The sub-basin/sub-watershed components of SWAT can be placed into
eight major components – hydrology, weather, erosion/sedimentation, soil temperature,
plant growth, nutrients, pesticides, and land management.
The fate and transport of pesticides are governed by properties such as solubility
in water, volatility and degradation rates. The algorithms within SWAT used to model
pesticide movement and fate can be divided into three components: pesticide processes
in land areas, transport of pesticides from land areas to the stream network, and in-stream
pesticide processes (Figure 6.3). SWAT uses algorithms from three models to simulate
each of these processes: (1) Groundwater Loading Effects of Agricultural Management
Systems (GLEAMS) model (Leonard et al. 1987), (2) Erosion Productivity Impact
Calculator (EPIC) (Williams et al. 1990) and (3) a simple mass balance developed by
Chapra (1997). The fate and transport of the pesticides in this study are controlled by a
few key properties of the pesticide: half-life, water solubility, and Koc. These parameters
are supplied by the program, but can be modified by the user. There is another scalable
value named “application efficiency”, which can be used for calibration.

Watershed Delineation

Within BASINS there are 2 methods of watershed delineation; manual and
automatic (U.S. Environmental Protection Agency 2001). Given the objectives of this
study, the automatic watershed delineation was chosen. One of the key inputs during the
delineation is the minimum critical source area. This defines the minimum drainage area
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required to form the beginning of a stream; the value suggested by the BASINS software
was used.
Runoff volume is relatively invariant to the size and number of subbasins (Jha et
al. 2004; Binger et al. 1997; Fitzhugh and Mackay 2000), but there is an optimal number
of sub-basins needed to adequately simulate fine sediment (Binger et al. 1997), best
management practices (Arabi et al. 2006), and sediment, nitrate, and inorganic
phosphorus (Jha et al. 2004). The general consensus derived from these studies is that the
optimal sub-basin size should be between 2 and 5% of the total basin size, and that any
smaller sub-basin sizes are unnecessary. Using the default values, the BASINS program
delineated the Bogue Phalia Basin into 87 sub-basins.
Each sub-basin will have one or more HRUs, which are unique for that sub-basin,
according to the combinations of land use and soils. The BASINS software allows the
user to designate the minimum percentage below which land use or soil is considered too
small an amount to uniquely identify. For land use, the percentage used was 5% and for
soils it was 10%. HRUs within a sub-basin are not spatially linked, but their nonpointsource contributions are summed to calculate sub-basin loads that are subsequently
routed through the watershed. The BASINS software created 160 HRUs within the
Bogue Phalia Basin.

Model Evaluation

Three statistics are used to evaluate the model’s simulated streamflow versus
observed streamflow; (1) the Nash and Sutcliffe (1970) Coefficient of Efficiency (COE)
equation 1, (2) the coefficient of determination or R2 (Helsel and Hirsch 1992), and (3)
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the root mean square error (RMSE) (Helsel and Hirsch 1992). The value for the COE can
range from negative infinity to 1.0, with higher values indicating a better overall fit and
1.0 indicating a perfect fit. A negative COE indicates that the simulated streamflows are
less reliable than using the average. The COE is calculated as:

⎛ n
2
⎜ ∑ (Oi − Si )
COE = 1 - ⎜ ni =i
⎜
2
⎜ ∑ (Oi − Oavg )
⎝ i =1

⎞
⎟
⎟
⎟
⎟
⎠

(1)

where Qi is the observed daily discharge; Si is the simulated daily discharge; and Oavg is
the average daily discharge.
Based on Motovilov et al. (1999), the simulated streamflows are considered
“good” for values of COE > 0.75, whereas for values between 0.36 and 0.75 the
simulated streamflows are considered “satisfactory.” The R2 value indicates the fraction
of the variance explained by regression, therefore values closer to 1.0 indicate less
variance and a better fit. Minimizing the RMSE minimizes the variance and the bias.
The fluometuron and sediment concentrations simulated by SWAT are daily
average concentrations, and those from the USGS are instantaneous concentrations. Any
type of direct comparison is problematic, as pesticide and sediment concentrations can
change several orders of magnitude in a short time (minutes to hours) during a runoff
event. Therefore, the simulated daily average concentrations were visually compared to
the instantaneous observed concentrations.
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Simulated streamflow from SWAT were compared to streamflow data collected at
the USGS gaging station located on the Bogue Phalia near Leland, MS (07288650) and to
fluometuron and sediment concentrations in water-quality samples collected at the same
site. The USGS NAWQA program collected 61 depth- and width-integrated and flow
weighted water samples from the Bogue Phalia near Leland from February 1996 through
December 1997. These water samples were analyzed for sediment and fluometuron
concentrations. Details on the collection, analysis, quality-control and quality-assurance
procedures can be found in Coupe (2000). Water quality and discharge data are available
online2.

Input Data

SWAT2000 automatically derives landscape parameters from digital topographic,
land cover, and soils data using an ArcGis 3.3 interface. Digital topographic data are
from the USGS National Elevation Dataset, a seamless mosaic of best-available elevation
data derived from 7.5-minute, 30-m resolution elevation data. Digital land cover is from
the USGS National Land Cover Data set and is derived from the early- to mid-1990s
Landsat Thematic Mapper satellite data classified into 21 possible land covers based on a
modified Anderson Land Cover Classification. The spatial resolution of the data is also
30 m. Digital soil data uses the State Soil Geographic (STATSCO) database (Figure 6.2,
Table 6.1), a digital general soil association map developed by the National Cooperative
Soil Survey that consists of a broad-based inventory of soil and non-soil areas that can be
mapped.
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Climate

Daily precipitation and daily minimum and maximum temperatures were obtained
from the National Climatic Data Center3 for 3 sites in and around the study area (Table
6.2).

Management

In order to assign crops and management practices to specific HRUs, the
following assumptions were made. (1) Because most of the basin is in Bolivar County
and much of the county is included in the basin, Bolivar County crop statistics4 were used
to determine crop acreage. The 1996-1997 average crop acreage for corn, cotton, rice,
and soybean was 4, 17, 19, and 61%, respectively. (2) All of Commerce and Dundee soils
were planted in cotton, and the balance of the cotton acreage and all of the corn were
randomly assign to Forrestdale soils. (3) If an HRU was planted to cotton or corn, it was
unchanged through the entire simulation. (4) Rice acreage was assumed to be on a
soybean/rice rotation; therefore 19% of the crop acreage was assigned to rice in year 1; in
year 2 of the rotation, it was planted to soybean and an additional 19% (exclusive of year
1 rice acreage) was planted to rice.
Management scenarios (tillage, fertilizer and pesticide application, etc.) were
created from the Planning Budgets written by the Mississippi Agricultural and Forestry
Experiment Station and the Mississippi Cooperative Extension Service (Anonymous,
1997).
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Calibration and Validation

The primary transport mechanism of many environmental contaminants is
through water flow (Bosch et al. 2004). Because of this, accurate simulation of the
hydrologic component of the system is a prerequisite for accurate contaminant transport
modeling.
It is important to understand that SWAT is not a “parametric model” with a
formal optimization procedure to fit data. Instead, a few important variables that are not
well-defined physically, such as runoff curve number and Universal Soil Loss Equation’s
cover and management factor may be adjusted to provide a better fit (Santhi et al. 2001).
Calibration of the model followed the Neitsch et al. (2002c) guidelines.
Hydrologic calibration and validation of the model on a daily basis focused on the USGS
gaging station located on the Bogue Phalia near Leland. Measured daily streamflow data
from this site were used for the calibration and validation of the model. The model was
calibrated using the 1996 and 1997 calendar year data and validated using 1998 calendar
year data. The gage was in operation before 1996, but as a stage-only station and the
discharge record did not begin until October 1995. The simulation was begun in 1992.
Criteria for acceptable hydrologic calibration were artificially set at R2 > 0.6, COE > 0.6,
and generally good match between simulated versus observed hydrographs.

RESULTS AND DISCUSSION

The first step in modeling the movement of agricultural chemicals is to accurately
model the flow, because the primary mechanism for off-site movement of agricultural
chemicals is by water. Agricultural chemicals can be transported offsite into groundwater
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or to the local stream via overland runoff. Figure 6.4 shows the results from the first
“cold run” of the SWAT model. That is, only the default parameters supplied or
calculated by SWAT were used. The results are remarkable in that, for the most part, the
peaks and valleys of the hydrograph are followed relatively closely, albeit the estimated
discharge has higher peaks and higher low flows.
The SWAT Users Manual gives suggestions on what parameters to change
depending upon how the simulated and observed data compared. The documentation was
not helpful for this simulation, and most of the important variables were discovered by
trial and error. In this study, the variable SURLAG, not mentioned in the Users Manual
as a candidate for change, was the most important parameter used to improve the fit
between simulated and observed discharge (Table 6.3). Lenhart et al. (2002) observed
that the SURLAG variable could be a quite sensitive parameter with respect to its effect
on the model output under some circumstances. The SURLAG parameter is a coefficient
used to calculate the amount of surface runoff released to the main channel on a daily
basis. As the SURLAG value is decreased, more water is held in storage and the
subsequent effect is to smooth the streamflow hydrograph. The model was improved by
changing the SURLAG parameter from its default value of 4, ultimately to 1.5. This
makes physical sense given the extremely low topographical relief of the basin. Because
water is moved by gravity, if follows that in areas with low relief, the water probably
moves slower than in areas with more relief. Changes to the curve runoff number,
Manning’s N for overland flow, and the soil-available water capacity all were related to
slowing the movement of water. The recession constant (ALPHA_BF) characterizes the
groundwater recession curve or return flow, with values ranging between 0 and 1.0;
132

larger numbers indicating a flatter recession. Setting ALPHA_BF to zero from its initial
value of 0.048 virtually eliminates the contribution of return flow to stream runoff
(Manguerra and Engle 1998). This may not be as unreasonable as it first seems, as the
contribution of return flow to streamflow decreases as the runoff potential increases. The
Mississippi Alluvial Plain has relatively high runoff, despite its relative flatness, due to
climatic factors, agricultural practices, and soil conditions (Schmitt and Winger 1980).
For the most part, the results are quite good; the Nash-Sutcliff COE and the R2 are
both near 0.7 (Figure 6.5, Table 6.3). However, there are a couple of consistent
differences between the simulated runoff and the observed runoff. Note that the model
does not accurately fit the falling limb of the hydrograph and tends to attenuate the
streamflow more compared to observed values (Figure 6.5 around 4/30/96). Also, the
model indicates the Bogue Phalia has zero flow (Figure 6.5 around 6/29/96) sometimes
during the summer, which was not recorded by the gage, and in late summer, the model
sometimes simulates a small runoff event following precipitation (Figure 6.5 around
10/22/97), whereas the observed data show no corresponding event.
One issue concerning hydrology in the Bogue Phalia Basin, which is somewhat
unique with respect to the basins where SWAT was developed, is rice agriculture.
Conventional rice flooding in the Delta uses about 81 cm of water per year, and as much
as 60% of that amount is lost from the fields as runoff (Mississippi Rice Promotion
Board, 2005). SWAT2000 does not have a straightforward mechanism for handling a rice
flood, and in fact under the management scenarios, the model will not allow irrigation in
excess of field capacity. With almost 23,000 ha of rice in the Bogue Phalia basin there
could be a lot of unaccounted water being released during June, July, and August. This
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may explain why the model simulates zero flows during these months, although the gage
on the Bogue Phalia never recorded zero flow.
Although no attempt was made to calibrate the model for sediment, it is
instructive to examine how the model compares with observed data, as this would be an
indicator of whether the model was accurately simulating processes in the watershed. The
observed data are instantaneous concentrations derived from samples collected over a
short (1 hour or less) time span; whereas the concentration from the SWAT model is a
daily average. The sediment concentration in a stream can change several orders of
magnitude over a storm event; therefore, direct comparisons between the average daily
concentrations and the instantaneous concentrations need to be evaluated with this in
mind. The simulated concentrations generally are within an order of magnitude of the
observed concentrations, except for those time periods when the model simulates zero
flow (Figure 6.6). A 1:1 comparison of observed versus simulated sediment
concentrations indicates a slight bias, in that the observed concentrations tend to be
higher than the simulated concentrations (Figure 6.7).
Because field-specific information as to when applications of fluometuron
occurred was not available, an average date and rate were used. For the first simulation,
fluometuron applications to all cotton fields occurred on May 15 and a second application
occurred on June 1 at 0.84 kg ha-1 and 0.73 kg ha-1 application rates, respectively. It is
unreasonable to expect that all 20,100 ha of cotton in the basin received applications at
the same time, and in fact in both 1996 and 1997 the dates of applications were either
during a large storm event or a large storm event immediately followed. This accounts for
the very high simulated concentrations in the Bogue Phalia following application (Figure
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6.8). It is clear that fluometuron is applied to cotton acreage over an extended period of
time and not two virtually instantaneous applications.
In the next simulation, the application of fluometuron was begun on April 27 and
was evenly divided over the next month with the second application occurring 3 weeks
after the first. The simulated versus observed graphs follow each other much more
closely and are usually within an order of magnitude (Figure 6.9). The simulated
concentrations are still higher than the observed immediately following application.
There could be several reasons for this discrepancy: (1) the model doesn’t capture the
processes that control runoff well, or (2) the application timing and/or amounts are off.
Without more exact information on the specific application of fluometuron, it is difficult
to discern between the two. The model could be adjusted and the simulated concentration
brought closer to the observed by either changing the timing or amounts of fluometuron
applied, or changing properties of the herbicide (e.g. half-life), or by changing model
parameters that control runoff. Although the fit would be better, it is unclear whether the
model would better represent reality, as it is unknown which process or processes are not
currently represented well.
At the scale of the Bogue Phalia (too large for specific information to be available
and too small for averaging to eliminate the need for site specific data) there are
considerable uncertainties associated with input data. These, together with the
simplifying assumptions within the model, mean that SWAT probably should not be used
to predict the exact date, time, and concentration of a pesticide in a stream. However, the
model does offer the potential to assess the likelihood of contamination of surface waters
by a given compound in a given situation and, as such, could provide a useful too for
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planning, management and regulatory purposes. With some caveats, the SWAT model
appears to be a robust basin-scale watershed model, one that is able, without the need for
unwieldy amounts of data, to give reasonable results. As such, it is a useful tool for
agriculture and society in the continuing quest to successfully manage our natural
resources.

SOURCES OF MATERIALS
1

U.S. Environmental Protection Agency’s website:
http://www.epa.gov/waterscience/basins
2

U.S. Geological Survey’s website:
http://waterdata.usgs.gov/nwis
3

National Climatic Data Center website:
http://cdo.ncdc.noaa.gov/CDO/cdo
4

National Agriculture Statistics Service website:
http://www.nass.usda.gov/ms
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Table 6.1. Characteristics of soils within the Bogue Phalia Basin in Northwestern
Mississippi.
Soil Name

Percent of
Basin

Soil
Hydrologic
Group

Sharkey
Forestdale
Commerce
Alligator
Dundee

46.14
46.14
5.82
3.97
3.20

D
C
C
D
C
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Texture
________________________________
%
Clay
Silt
Sand
50.00
27.77
22.23
31.50
48.50
20.00
20.50
68.14
11.36
50.00
27.72
22.23
20.00
68.57
11.43

Table 6.2. Names and locations of weather stations in or near the study area which
provided data used in the SWAT model.
Weather Station

Name

State

County

Latitude

Longitude

Arkansas

Arkansas

Arkansas

34° 02’ N

-91° 21’ W

Identification
number
30240

Post
221743

Cleveland

Mississippi

Bolivar

33° 48’ N

-90° 43’ W

223605

Greenville

Mississippi

Washington

33° 23’ N

-91° 04’ W
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Table 6.3. Results for SWAT model calibration for discharge for 1996-981.
Changes to SWAT input values
Metric
(under generic management)
Specific management
Initial results
Surlag =2
Surlag =1.5
Sol_AWC +0.08 ALPHA_BF=0
(cold run)
CN -10%
Ov_n =0.35
COE
0.02
0.45
0.52
0.60 (0.57)
0.64 (0.66)
0.64 (0.66)
2
R
0.39
0.56
0.62
0.63 (0.60)
0.68 (0.69)
0.69(0.71)
RMSE
2.24
1.68
1.56
1.42 (1.39)
1.35 (1.18)
1.36 (1.2)
1
Abbreviations: Surlag, Surface runoff lag coefficient; CN, curve number; Ov_n, Manning’s N for overland flow; Sol_AWC,
soil available water capacity, ALPHA_BF, Base-flow alpha factor; COE, coefficient of efficiency; values in () are from
verification year 1998; RMSE, root mean square error.
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Figure 6.1. Location of the Bogue Phalia watershed in Mississippi.
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Figure 6.2. Map showing soil classes and sub-basins within the Bogue Phalia Basin.
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Figure 6.3. Pesticide fate and transport processes simulated in the SWAT model.
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Figure 6.4. Simulated discharge versus observed discharge for 1996 and 1997 for the
Bogue Phalia near Leland --“Cold Run” – using default parameters before
calibration.
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Figure 6.5. Simulated discharge, after calibration, from the SWAT model versus
observed discharge from the Bogue Phalia near Leland gaging station for
1996 and 1997.
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Figure 6.6. Simulated mean daily sediment concentrations and observed instantaneous
concentrations from the Bogue Phalia near Leland, MS 1996-98.
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Figure 6.7. Comparison of simulated mean daily sediment concentrations versus observed
instantaneous sediment concentrations from the Bogue Phalia near Leland,
MS 1996-98.
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Figure 6.8. Results from the SWAT model for fluometuron for two applications of
fluometuron to all 20,100 ha of cotton occurring on May 15 and June 1 at 0.84
and 0.73 kg ha-1 application rates, respectively. The observed data are
interpolated by a straight line between samples and observed values below the
detection limit were set to 0.01 μg L-1 and for comparison simulated values
below 0.01 μg L-1 were set to 0.01 μg L-1.
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Figure 6.9. Simulated and observed fluometuron concentrations from management
scenario with distributed fluometuron applications beginning April 27th and
ending on June 21st.
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